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Abstract
In recent years, significant progress has been achieved in the study of aque-
ous foams. Having said this, a better understanding of foam physics re-
quires a deeper and profound study of foam elements. This paper reviews
the studies in the microscale of aqueous foams. The elements of aqueous
foams are interior Plateau borders, exterior Plateau borders, nodes, and
films. Furthermore, these elements’ contribution to the drainage of foam
and hydraulic resistance are studied. The Marangoni phenomena that can
happen in aqueous foams are listed as Marangoni recirculation in the tran-
sition region, Marangoni-driven flow from Plateau border towards the film
in the foam fractionation process, and Marangoni flow caused by exposure
of foam containing photosurfactants under UV. Then, the flow analysis of
combined elements of foam such as PB-film along with Marangoni flow and
PB-node are studied. Next, we contrast the behavior of foams in different
conditions. These various conditions can be perturbation in the foam struc-
ture caused by injected water droplets or waves or using a non-Newtonian
fluid to make the foam. Further review is about the effect of oil droplets
and particles on the characteristics of foam such as drainage, stability and
interfacial mobility.
Keywords: Foam, PB, Interior node, Exterior node, Hydraulic resistance,
Bubble, Marangoni flow, Oil droplet, Particles in foam
1. Introduction
Aqueous foam is a dispersion of a high volume fraction of gas bubbles
in a small volume of liquid with some additives [1]. Foam existence could
Preprint submitted to Journal of Collide and Interface Science April 27, 2018
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Figure 1: Aqueous films and schematic of surfactant. Reprinted from [6].
be desirable or undesirable. In cases of distillation and certain chemical
reactions, foams are unwelcomed and antifoams are used to destroy them.
On the other hand, Foams have broad beneficial applications such as for food,
cosmetics [2], oil recovery [3, 4], and deliquification of natural gas[5]. From
the energy point of view, each liquid endeavour to minimize its surface energy.
However, in the aqueous foam, neglecting gravity, instead of a spherical drop
of liquid which is favorable from an energy point of view, we have stable
thin films. The reason is due to the additive materials in the liquid. These
additives, called surfactants and shown in Fig. 1, have two parts: heads
or polar parts are in contact with water and hydrophobic parts are headed
towards the gas. The presence of surfactant reduce the surface tension which
allows the thin stable films. Note that for the values of surface concentration
below the critical micelle concentration (CMC), the surface tension of the
liquid-gas interface is dependent on the surfactant concentration. Higher
surfactant concentration results in lower surface tension [7, 8]. This will be
important with the concept of Marangoni flow in foams. Studies on the foam
can be divided into macroscale and microscale. In macroscale, liquid flow in
a foam contained in a vessel is investigated whereas, in microscale, the flow in
foam’s elements including films, Plateau borders, and nodes is investigated.
In the 19th century, blind Belgian scientist J. A. F. Plateau commenced the
study of soap foams’ geometry. He presented the Plateau’s rules, stating that
three films should meet at 120 ○ angles and four PBs meet at the tetrahedral
angle of arc cos(-1/3)=109.5○ [9]. However, further energy analysis of foam
element [10, 11] revealed that Plateau’s law is applicable only for fully dry
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IPT
foams. The total assigned energy of foam is [10]
E = γS + τL + νN (1)
where S, L, and N are the total area of films, length of PBs, and the number
of nodes, respectively. γ, τ , and ν are the surface energy of the film, the PB
tension, and node energy respectively. Any positive or negative value of τ
will result in contraction or expansion of the PB. For not too wet foams, the
PB has a negative tension line of τ = /2 which alters the 120 ○ angles between
films[10]. The  is the excess energy of PB[10]. Foams kept in a column will
drain from topdown due to the gravity. Foam drainage is a complex hydro-
dynamic process with various effective factors[12–14]. Several methods have
been used for experimental investigation of foam drainage in a column such
as free, forced, and pulsed drainage [15, 17–20]. In free drainage, foam drains
and becomes dry. In a forced drainage experiment, first, a column of foam is
drained to make a dry foam. Then, a continuous pulse of liquid is injected on
top of the dry foam to make a travelling wave. In a pulsed drainage experi-
ment, a finite small pulse of liquid is injected instead of continuous injection
[21–25]. Overall, a forced drainage experiment is more favourable due to its
simplicity and convenience of obtaining data and its interpretation [26].
2. Plateau borders
The main element of the aqueous foam is PB which is a channel forming
the interstitial space between three bubbles. The sketch of an interior PB is
shown in Fig. 2.b. PBs keep the majority of liquid percentage in the foam
and most of the drainage occurs during this element. In addition, mechanical
stresses applied on the foam are transmitted in foam through PBs [27]. Due
to the PB’s concave surface, there is a negative capillary pressure in the PB:
∆Pγ = Pinner − Pouter = −γR , where R is the transverse radius of curvature of
the PB and γ is the surface tension of interface [27]. This negative pressure
is a driving force that moves the liquid from the film to PB, resulting in the
thinning of the film.
2.1. Interior PB
The approximate Reynold number of the flow in the PB with a radius
of curvature of 100 µm and average velocity of 1000 µm/s is less than 1.
Therefore, in most numerical studies of very dry foams, the Stoke equation is
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a) b) c)
Figure 2: a) Sketch of a tetrakaidecahedral cell including 14 films, 12 nodes, and 36 PBs
with the length of L. Reprinted from [9] b) Sketch of an interior PB, which is the space
between the three bubbles and c) an exterior PB which is the space between the container’s
wall and two bubbles attached to it. Reproduced from [31, 32].
solved as the governing equation. However, it must be noted that for foams
with high Reynolds numbers such as 20 or high liquid fractions such as 0.3,
inertia loss will be significant [28]. Initially, the numerical investigations of
the flow in the PB were based on the rigid interface of liquid-gas and consid-
ering PB as a rigid pipe. The Hagen-Poiseulle equation for the steady and
gravity-caused flow was applied. Koczo and Racz [29] conducted an exper-
iment that shows the dependence of the flow rate in PBs on change of the
temperature and consequent change of the surface mobility. Afterward, they
came to a conclusion that assumption of rigid liquid-gas interface underes-
timates the flow rate of PB extremely except when the surface viscosity is
very high. For the first time, Lemlich et al. [30] solved the Stoke equation
considering the liquid-gas interface as a boundary condition where there is a
coupling between bulk and surface viscosity. They presented a dimensionless
parameter of M = µRµs , reverse of Boussinesq number (Bo), to present the
interfacial mobility of a PB with a transverse radius of curvature of R, the
surface viscosity of µs, and bulk viscosity of µ. Later, Nguyen [33] developed
the original two-dimensional model of single PB made by Lemlich et al. [30]
by a numerical computation method and further analytical discussion. His
numerical results [33] show the dependence of the each of the symmetries,
interface, and bulk velocities to Bo. Moreover, he[33] analyzed the average
velocity of PB analytically and showed the numerical results along with the
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Figure 3: Dimensionless average velocity versus the Bo for both the numerical and ana-
lytical results of Nguyen. Reprinted from [33].
analytical results in Fig. 3. More importantly, he [33] developed a simple
yet accurate correlation for dependence of average velocity of an interior PB,⟨W ⟩, to the Bo. He [33] showed that for the mobile foams with low Bo, the
nondimensionalized average velocity follows the equation of
⟨W ⟩/A
µ
dp
dz
∝ Bo− 12 (2)
whereas for the rigid foams with high Bo, it follows the equation of
⟨W ⟩/A
µ
dp
dz
= 0.020 (3)
Then, using the Equation2 and 3, he [33] obtained a new correlation which
cover for all the Bo values.
⟨W ⟩/A
µ
dp
dz
= {a ×Bo−1/2
c +Bom + 0.020} (4)
with a = 0.0655, c = 0.209, and m = 0.628 as positive numerical constants to
adapt to the equations of 2 and 3. The approximation is shown in Fig. 4.
He[33] discussed that this simple approximation of numerical results can be
advantageous in developing more complex foam dynamic model.
2.2. Exterior PB
Generally, foams are investigated in a container. There are studies on
the effect of size [34] and shape [35] of the container on the drainage of
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Figure 4: Dimensionless average velocity of interior PB versus Bo. The solid line is
numerical result whereas points represent the equation 4. Reprinted from [33].
foam. Hence, it seems that the percentage of the exterior foams ( the ones
which touch the container) is an important factor in the drainage process of
aqueous foams, making it necessary to distinguish the interior and exterior
foams. Koehler et al. [31] made a two-dimensional model of both the interior
and exterior PBs for different film thicknesses, shown in Fig. 5.a and Fig.
5.b. They [31] calculated the flow drainage for different interfacial mobility
and film thicknesses, shown in Fig. 5.c, Fig. 5.d, Fig. 6.a, and Fig. 6.b.
They [31] also performed extensive analytical calculations to estimate the
surface velocity and bulk velocity of the interior and exterior PBs with large
and small interfacial mobilities. Moreover, by using a confocal microscopy
of two different foam column, they[26] measured the actual interior and ex-
terior PB’s velocity. The surfactant types, interfacial mobility, and other
parameters of their experiment [26] are listed in the Fig. 7.e. The measured
velocities are shown in Fig. 7.a-7.e. Koehler et al.[31] also developed an-
other dimensionless parameter for expressing the combination of interfacial
mobility and film thickness: Λ = µ/(µs + µw), where w is the film thickness,
µ is the bulk viscosity and µs is the surface viscosity. This new parameter
allows for rearranging and re-sketching the dimensionless average velocities
onto master curves, shown in Fig. 6.c and 6.d. Hence, the velocity of PBs
can be obtained directly through combination of Boussinesq number and film
thickness. What’s more, they [31] analyzed the contribution of exterior PBs
to foam drainage analytically. The ratio of the exterior PBs to interior PBs
depends on the geometry and size of the foam container. A smaller size of
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a) b)
c) d)
Interior PB Exterior PB
Figure 5: Sketch of an a) interior and b) exterior PB cross section with the transverse
radius of curvature of a and attached film thickness of w. Numerically computed and non-
dimensionalized velocity of an c) interior and d) exerior PB with a semi-mobile interface.
Reproduced from [31].
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a) b)
c) d)
Interior PB Exterior PB
Figure 6: The average dimensionless velocity versus the interfacial mobility for a) interior
and b) exterior PBs with different edge thicknesses [26, 36]. Master curves of dimensionless
average velocity versus parameter of Λ for c) interior and d) exterior PB. Reproduced from
[31].
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S.A. Koehler et al. / Journal of Colloid and Interface Science 276 (2004) 439–449 445
Fig. 7. The merit of fit function, λ, plotted in the M × y′0 plane for interior BSA, SDS, and Tween 20 channels. The symbol “+” denotes the global minimum
of the fitting parameter space. The best fit parameters are shown in Table 1.
(a) (b)
Fig. 8. Measured and fitted velocity profiles for (a) BSA and (b) SDS interior channels. The small symbols “.” are the individual velocities from particle
tracking; the average value is indicated by “∗” and error bars are shown. The squares connected by the dashed curve are the best fits from the theory, and these
fitting parameters are given in Table 1. The insets show the geometry of the confocal slice for this fitting.
Table 1
The best fitting parameters for interior and exterior channels shown in Figs. 6–9
Surfactant Channel type λ M y′0 a (µm) φ (◦) µs (g/s)
BSA Exterior 0.23 10−3 −0.4 255.49 15 1.9
BSA Interior 0.07 10−2 0.0 190.41 3 0.13
SDS Exterior 0.59 2.0 −0.3 38.07 5 1.9 × 10−5
SDS Interior 0.06 2.0 0.1 69.90 1 3.5 × 10−5
Tween 20 Exterior 0.63 1.3 0.0 43.92 9 3.4 × 10−5
Tween 20 Interior 0.03 2.0 0.0 52.91 4 2.6 × 10−5
slice’s orientation relative to the channel, i.e., small values
of φ.
Likewise, Figs. 9a and 9b, respectively, show the velocity
profiles for exterior BSA and SDS channels. Because these
channels are contacting the container wall, one boundary
is rigid, which diminishes the difference in overall surface
mobility between the exterior protein and soap channels, as
compared to the difference between interior protein and soap
channels. Nonetheless, optimizing λ results in a large differ-
ence in the interfacial mobility and surface viscosity between
the two protein and four soap channels—see Table 1. The
surface viscosities for the SDS and Tween 20 foams are clus-
tered about µs ≈ 2 × 10−5 g/s, and for the protein foams
about µs ≈ 0.5 g/s.
We next address the issue of why the uncertainties in de-
termining large surface viscosities from the velocity profiles
are large. For small interfacial mobilities, M ¿ 1, the ve-
locity fields are very similar to those of channels with rigid
interfaces. Neglecting the film thickness for interior chan-
nels, the maximum dimensional velocity at the surface is
a) b)
c) d)
e)
Semi-rigid PB of BSA foam Mobile PB of SDS foam
Figure 7: Experim ntally measured velocities of a)BSA i terior PB with semi-rigid inter-
facial mobility, b) SDS interior PB with mobile interfacial mobility, c)BSA exterior PB
with semi-rigid interfacial mobility, d) SDS exterior PB with mobile interfacial mobility
[26, 36].e) The measured and fitted parameters in the experiments of Koehler et al.[26].
Reproduced from [26].
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container results in a larger ratio of the exterior to interior PBs number. For
the exterior PBs with rigid interface, due to the effect of no-slip wall of the
container, the film thickness has little effect on its dimensionless average ve-
locity. By increasing the interfacial mobility, the velocity of the interior PB
increases more rapidly than the velocity of the exterior PB. Next, they[31] es-
timated the flow through the cross-section of a tube by Q = Nintqint+Nextqext
with Next as exterior PBs and Nint as interior PBs. They found out that for
rigid liquid-gas interfaces, the flow rate through exterior PBs would be equal
to flow rate of interior PBs if the number of exterior PBs are 1/7th of the
number of the interior PBs. Generally, in cases with rigid interfaces, if the
number of the exterior PBs are significant compared to the interior PBs, the
exterior PBs can have a strong effect on the drainage system. Experimental
results by Brannigan and Bonfim [34] also show that at a certain defined
liquid volume fraction, by decreasing the diameter of the container tube’s
diameter, the drainage rate increases due to the contribution of the exterior
PBs.
2.3. Hydraulic resistance of PB
The foams can be viewed as a network of PBs and nodes resisting against
the flow. There are several theoretical analyses about the hydraulic resistance
of foam networks. The theoretical model of the flow in the interior PB with
Newtonian surface viscosity was obtained by Nguyen [33]:
V = A
µ
dp
dl
⎧⎪⎪⎨⎪⎪⎩0.0655 ×Bo
−0.5
0.209 +Bo0.628 + 0.020⎫⎪⎪⎬⎪⎪⎭ (5)
where A is the cross-section, V the average liquid velocity, and dpdl the pressure
gradient in a single PB. The Bo number is the dimensionless surface mobility.
Considering the single PB with a length of L, the pressure drop of ∆P in
the PB, and flow rate of Q, the hydraulic resistance can be expressed as :
Rh = ∆P
Q
= CPbµL
A2
(6)
where CPb is dimensionless hydraulic resistance which can be expressed as
CPb = ⎧⎪⎪⎨⎪⎪⎩0.0655 ×Bo
−0.5
0.209 +Bo0.628 + 0.020⎫⎪⎪⎬⎪⎪⎭
−1
(7)
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Figure 8: Dimensionless hydraulic resistance versus Bo for different surfactant. Repro-
duced from [37].
However, the first direct measurement of PB hydraulic resistance is performed
by Pitois et al. [37]. They [37]defined the experimental value of the hydraulic
resistance by
CexpPb = (∆PQ )(µLA2 )−1 (8)
For different surfactant materials and different surface mobility, they [37]
measured the PB cross section, the pressure loss in PB and eventually, mea-
sured the hydraulic resistance of PBs [37, 38]. As it is shown in Fig. 8, the
results fit with the theoretical description of the hydraulic resistance of single
PB.
2.4. Perturbation in PB
While there are numerous studies of foam in steady state, there are other
studies which investigate the transient flows through the PBs. Cohen et
al.[39] investigated the liquid perturbation in the horizontal interior PBs by
injecting a droplet with the same surfactant solution. The PBs are held
horizontal to exclude the gravity force and maintain the capillarity as the
only active force. They reported two dynamical regimes; viscous regime is for
large bulk viscosities or small radius of curvatures of the initial PBs. Inertial
regime is for small bulk viscosities or large radius of curvatures of PBs. For
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IPT
Figure 9: The experimental setup of the Cohen et al.[39] for investigation of the pertur-
bation in the PBs. a) and b) are the created PB and its cross section. c) and f) represent
the viscous regime while d), e), g), and h) represent the inertial regimes for two PBs with
different initial radius. Reproduced from [39].
the viscous regime, the droplet spread into the PB smoothly and slowly while
for the inertial regime, the droplet evacuated by dilating the initial PB and
a sharp constant-velocity travelling hydraulic jump is reported. The two
aforementioned regimes are shown in Fig. 9. They[39] also reported two
dimensionless numbers: the ratio of droplet size to the PB size, r/Ri, and
ratio of capillary-inertial velocity (
√
γ/ρRi) to a capillary-viscous velocity
(γ/η), called as Ohnesorge number (Oh) or reverse of the Reynolds number,
Oh = η√
ργRi
(9)
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We now turn to the transition between the two dynamical
regimes described above, as well as the reason for referring
to them as “viscous” versus “capillary inertial”. Five
parameters, namely ρ, η, γ, r, and Ri, are relevant in the
system, which yields only two independent dimensionless
numbers. The first one is the ratio of the droplet size to the
PB size, r=Ri. The second one is the so-called Ohnesorge
number (Oh)—often used to deal with free-interface
problems in fluid mechanics [13]. This number can be
defined as the ratio of a capillary-inertial velocity c0 ¼ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
γ=ρRi
p
to a capillary-viscous velocity γ=η,
Oh ¼ ηﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ργRi
p : (1)
TheOhnesorgenumber isactually theinverseof theReynolds
number Re based on c0. The experiments reported in Fig. 2
showawell-defined transitionbetween the two regimes, for a
critical value Oh ¼ 0.05, or equivalently, Re ¼ 20, inde-
pendently of r=Ri. For Oh larger than 0.05 (Re < 20),
viscosity is observed to dominate, whereas for Oh smaller
than 0.05 (Re > 20), a capillary-inertial regime is observed.
Weemphasize that this transition is droplet size independent.
This new capillary-inertial dynamics needs to be inves-
tigated because all current foam drainage models consider
viscousflowsonly. In the restof thisLetter,weconcentrateon
this regime and its relevance for foam drainage dynamics.
Experimental results obtained in the inertial regime are
reported in Fig. 3 for solution A and for the less viscous
solutionB. The front velocity [computed as the average over
the right and left swelling fronts velocities, see Fig. 1(d)]
strongly decreases when the initial radius of curvature of the
PB increases [Fig. 3(a)]; a power law interpolation gives
exponents of −0.51 0.05 and −0.50 0.02 for the two
solutions, respectively. The radius of curvature Rj upstream
of the jump increases linearly with the initial radius of
curvature Ri; the best linear fits are Rj ¼ ð1.9 0.1ÞRi
and Rj ¼ ð1.5 0.1ÞRi for the two solutions, respectively
[Fig. 3(b)]. All the experiments in the inertial regime show
similar behavior: the properties of the traveling jump are
determined by the properties of the initial PB and do not
depend on the amplitude of the perturbation. Within our
experimental range, the initial radius of the droplet does not
FIG. 1 (color online). (a) Experimental setup: the Plateau
border is held by three soap films. A drop is released from
above and enters in contact with the Plateau border. (b) Cross
section of the initial Plateau border observed through one of its
extremities. At rest, the cross section is well approximated by the
tangential contact of three arcs of circles of same radius equal to
Ri. ei is the apparent thickness of the PB and is proportional to its
radius of curvature Ri. (c)–(e) Three sets of snapshots of the
longitudinal view of the PB that illustrate the different behaviors
observed. Δt ¼ 2.5 ms between consecutive images (5 ms be-
tween the last two images of each series). (c) Viscous regime for a
high viscosity TTAB solution. d) Inertial regime for the less
viscous TTAB solution. cl (cr) holds for the velocity of the front
that travels toward the left (right). Red dashed lines are guides to
the eyes to follow the front position. (e) Same as (d) but for a
thicker initial PB. (f)–(h) Enlargement of the edge of the
perturbed part of the PB. The enlarged zones are pinpointed
by the blue boxes drawn on the penultimate images of the
snapshot series in (c)–(e).
FIG. 2 (color online). Ohnesorge number as function of ratio of
droplet size to PB size. Red squares and blue triangles stand for
the inertial regime and for the viscous regime, respectively. The
straight horizontal line (Oh ¼ 0.05) highlights the transition
between the two regimes.
PRL 112, 218303 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending
30 MAY 2014
218303-2
Figure 10: Ohnesorge number as a function of droplet size to PB size ratio. Red
squares represent the inertial regime while the blue triangles represent the viscous regime.
Reprinted from [39].
where Ri, ρ, η, and γ are the transverse radius of initial PB, density, viscosity,
and surface tension of the bulk liquid, respectively. As illustrated in the Fig.
10, there is a critical value of Oh = 0.05 by which the dynamic regimes switch.
For the Oh values of greater than 0.05 or Re<20, viscous regime dominates
while for the Oh value of less than 0.05 or Re>20, the inertial regime dom-
inates. Note that this transition of regimes is independent of droplet size.
Moreover, the travelling jump is controlled by the characteristics of initial PB
and is independent of the amplitude of perturbatio . Also, note that these
investigation and values a e only valid for he foam with mobile interface.
For the foam with rigid interfaces, no hydraulic jump has been observed.
In another study, Derec et al. [40] investigated the transverse vibration in a
single PB. Experimentally, as it is shown in Fig. 11, they measured the prop-
agation of a transverse wave long the PB with iff rent frequencies. Their
measurement, along with their numerical computation, found two different
regimes; a low-frequency regime where the dispersion relation is controlled
by the vibration of the adjacent films and a high-frequency regime where
t e i ertia of the PB is dominant. Elias et al, [41, 42] also investigated the
elasticity and vibrat on of the PB when ther is a rapid liquid flow in it.
Theoretically and experimentally, they analyzed that the undulation of PB
is th resultant of centrifugal force and elastic restoring force balance. The
later force is caused by the local deviation of the angles between attached
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037101-5 Elias et al. Phys. Fluids 26, 037101 (2014)
FIG. 4. (a) Side-view of the PB and notation: z is the vertical axis (z = 0 at the bottom of the capillary). x0 is the imposed
displacement of the upper vertex of the PB, along the x axis. The film in the (x, z) plane remains plane whereas film 1 and film
2 undergo an out-of-plane deformation. (η, z) is the originally undeformed plane of film 1, and the ζ -axis is orthogonal to the
plane (η, z). Et and En are, respectively, the local tangent vector and normal vector to the PB, En being oriented in the plane of the
undeformed film. ` = δ/√3 is the horizontal length of the films at equilibrium. (b) Sketch of the three soap films meeting at
the PB in the plane ⊥Et . The dashed lines correspond to a top view of the straight, non-deformed PB at equilibrium; the solid
lines correspond to the case of the undulating PB. Each soap film pulls on the PB with a force per unit surface equal to 2γ :
the deviation of the angle θ = π /3 + ε from its equilibrium value π /3 results in a net force oriented in the direction opposite
to the displacement of the PB from equilibrium.
This force corresponds to the gradient of the Laplace pressure. Along the tangential direction,
it is governed by the gradient of the PB radius R (transverse curvature). Along the normal direction,
it results from the gradient of the longitudinal curvature of the PB, which induces a variation of the
direction Et along which the surface tension applies. This has been previously introduced under the
name negative “line tension” in Refs. 14, 15, and 20 (where the gradient of R was not considered).
We finally introduce the force per unit length γ Eχ = S Efr exerted by the three films on the
PB. This capillary force is the restoring force of the problem. The dimensionless vector Eχ will be
expressed in details in Sec. III B. In the steady state, we finally obtain
I( EU · E∇) EU = Eg − Dν
R2
EU − γ
ρR2
d R
ds
Et − γ
ρR
dEt
ds
+ γ Eχ
ρ CR2 . (4)
Using the fact that the mean velocity is tangent to the axis of the PB, in the steady state, and
introducing the curvature κ in the vertical plane, we rewrite the dynamical equation as
I U 2κ En + U dU
ds
Et = Eg − Dν
R2
UEt − γ
ρR2
d R
ds
Et − γ
ρR
κ En + γ Eχ
ρ CR2 . (5)
Equation (5) corresponds to the standard drainage theory6 with three additional terms: the
capillary restoring force and the negative “line tension” force in the right-hand side, and the left-
hand side, coming from the convective derivative. This last term is usually neglected in standard
drainage theory since the Reynolds number involved in foam drainage is usually less than unity.
In our case, the Reynolds number is of the order of 102–103, therefore inertial effects cannot be
neglected.
B. Derivation of the elastic restoring force
The linear density of elastic restoring force γ Eχ can be derived as follows. The damped undulation
of the PB in the z direction can be written as x(z) = xˆkeikz , where k is the complex wavenumber
(this shape is actually solution of the linearised equation of the PB, as it will be shown in Sec. V A –
 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  136.186.9.140 On: Wed, 18 May
2016 07:28:51
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FIG. 4. (a) Side-view of the PB and notation: z is the vertical axis (z = 0 at the bottom of the capillary). x0 is the imposed
displacement of the upper vertex of the PB, along the x axis. The film in the (x, z) plane remains plane whereas film 1 and film
2 undergo an out-of-plane deformation. (η, z) is the originally undeformed plane of film 1, and the ζ -axis is orthogonal to the
plane (η, z). Et and En are, respectively, the local tangent vector and normal vector to the PB, En being oriented in the plane of the
undeformed film. ` = δ/√3 is the horizontal length of the films at equilibrium. (b) Sketch of the three soap films meeting at
the PB in the plane ⊥Et . The dashed lines correspond to a top view of the straight, non-deformed PB at equilibrium; the solid
lines correspond to the case of the undulating PB. Each soap film pulls on the PB with a force per unit surface equal to 2γ :
the deviation of the angle θ = π /3 + ε from its equilibrium value π /3 r sults in a net force oriented in the direction opposite
to the displacement of the PB from equilibrium.
This force corresponds to the gradient of the Laplace pressure. Along the tangential direction,
it is governed by the gradient of the PB radius R (transverse curvature). Along the normal direction,
it results from the gradient of the longitudinal curvature of the PB, which induces a variation of the
direction Et along which the surface tension applies. This has been previously introduced under the
name negative “line tension” in Refs. 14, 15, and 20 (where the gradient of R was not considered).
We finally introduce the force per unit length γ Eχ = S Efr exerted by the three films on the
PB. This capillary force is the restoring force of the problem. The dimensionless vector Eχ will be
expressed in details in Sec. III B. In the steady state, we finally obtain
I( EU · E∇) EU = Eg − Dν
R2
EU − γ
ρR2
d R
ds
Et − γ
ρR
dEt
ds
+ γ Eχ
ρ CR2 . (4)
Using the fact that the mean velocity is tangent to the axis of the PB, in the steady state, and
introducing the curvature κ in the vertical plane, we rewrite the dynamical equation as
I U 2κ En + U dU
ds
Et = Eg − Dν
R2
UEt − γ
ρR2
d R
ds
Et − γ
ρR
κ En + γ Eχ
ρ CR2 . (5)
Equation (5) corresponds to the standard drainage theory6 with three additional terms: the
capillary restoring force and the negative “line tension” force in the right-hand side, and the left-
hand side, coming from the convective derivative. This last term is usually neglected in standard
drainage theory since the Reynolds number involved in foam drainage is usually less than unity.
In our case, the Reynolds number is of the order of 102–103, therefore inertial effects cannot be
neglected.
B. Derivation of the elastic restoring force
The linear density of elastic restoring force γ Eχ can be derived as follows. The damped undulation
of the PB in the z direction can be written as x(z) = xˆkeikz , where k is the complex wavenumber
(this shape is actually solution of the linearised equation of the PB, as it will be shown in Sec. V A –
 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  136.186.9.140 On: Wed, 18 May
2016 07:28:51
a) b) c)
Figure 11: a) Set-up of wave propagation experime t in a singl PB. b) presentation of he
perturbation in the PB and films. x0 r pre e t t e displacement Film x-z remains pl ne
while the other two films deform out of the plane. c) The top view of the deformed three
films. The dashed lines are equilibrium and the solid lines are undulating films. Each film
pulls the PB with the restoring force of 2γ. Reprinted from [41].
films from 120○. They ca culated and identified the restoring force from this
deviation. The sketch of the undulating films and PB and the restoring force
is shown in Fig. 11.
3. Nodes
Aqueous foam rainage is considered a the flow of l quid containing foam-
ing agent through the interstitial space between the bubbles. The space in-
cludes films, PBs, and also nodes where four PBs meet each other. The
schematic sketch of the node is shown in Fig. 12. The flow t node is
more complicated than the flow in the PB since the flows from PBs merge
and split in the node. Previous research [43] ignored the effect of the node
on the drainage. However, Phelan t al. [44] showed the effect of the node on
the flow as a correction in the elec rical co ductivity. Th drainage equa ion
in macroscale can be written as
Q = Atvφl (10)
whereQ is the volume flow rate, At is the cross-section area of foam container,
φl is the liquid volume fraction, and v is the front velocity of the fluid in the
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Figure 12: Skecth of four PBs with the length of l and radius of δ, and the resultant node.
forced drainage experiment. The experimental results of Weaire et al. [24] on
detergent foams, and certain protein foams show that for the foam drainages
that dissipation in the PB is dominant, the scaling law between flow rate and
the front velocity follows
v ∝ Q1/2 (11)
However, later, Koehler et al. [45] conducted new experiments resulting in
the following scaling law
v ∝ Q1/3 (12)
They discussed that this equation is valid for the foam drainages where dis-
sipation in the node is dominant. Afterward, Koehler et al. [15] developed
a generalized foam drainage equation by considering the viscous damping in
the foam elements, including the node. They discussed that there are two
regimes of drainage equation: one with the rigid liquid-gas interface and the
other with mobile liquid-gas interface. The former is regarded as a regime
dominated by the dissipation in the PBs while the later is regarded as a
regime dominated by the dissipation in the node[46–48]. Note that transi-
tion between those two flow regimes is dependent on the interfacial mobility
or Bo. Adding certain cosurfactants can change the surface viscosity of foams
without changing the bulk properties [49]. Consequently, the cosurfactants
can be used to change the Bo and affect the flow regime transition. Later,
Cox et al. [50] developed the drainage equation of Koehler et al.[15] by cal-
culating the numerical constants that express node’s effect on foam drainage.
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Figure 13: Schematic representation of the PB length correction to account the effect of
the node on the foam flow.
Author Method Node resistance Model parameter R˜n
Koehler et al. [15] Experimental Rn = µσnInσ2ar3 σn = 0.31 ∼ 5 × 103
In ≈ 400
Cox et al. [50] Numerical Rn = µCnr3 Cn ≈ 225 − 275 225 − 275
Carrier et al. [51] Experimental Rn = 3µI′n√
2σ
1/2
a σr3
I ′n ≈ 100 ∼ 3 × 103
Neethling et al. [46] Experimental Rn = µCvσar3 Cv ≈ 24 ∼ 150
Saint-Jalmes et al. [48] Experimental Rn = µσnR0nσ2ar3 R0n ≈ 120 − 390 1.5 − 4.5 × 103
Table 1: Comparison of available data for hydraulic resistance of the node. Reproduced
from [52].
They performed the calculations in two limiting cases of complete mobile and
complete rigid liquid-gas interfaces. Instead of node, they [50] added a corre-
sponding length correction to each adjoining PB. A schematic representation
of the PB length correction is shown in Fig. 13. As it is mentioned before in
2.3, foam element can be pictured as hydraulic resistors mounted in series.
Each element that has more resistance controls the flow in the foam. The
previous studies [15, 46, 48, 50, 51] calculated the node hydraulic resistance
approximately. However, their results for dimensionless hydraulic resistance
have major discrepancy ranging from 150 to 5 × 103. Their tabulated data
is shown in Table.1. The discrepancy is attributed to the fact that in all
those studies, the hydraulic resistance of the node is treated as a fitting pa-
rameter. Later, Pitois et al. [52] designed an experiment for TTAB foam
to make several PBs and a single node and measure node’s hydraulic resis-
tance directly. The schematic of the experiment is shown in Fig. 14. They
[52] measured the pressure drop after each element, ruled out the resistance
of top and below PBs, divided the remained value by the measured flow
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Table 1
Comparison of available values for the node resistance
Author Method Resistance Model
parameters
R˜n
Koehler et al. [2] Experimental Rn = μδn In
δ2a r3
δn = 0.31 ∼5 · 103
In ≈ 400
Cox et al. [6] Numerical Rn = μCnr3 Cn ≈ 225–275 225–275
Carrier et al. [3] Experimental Rn = 3μI
′
n√
2δ1/2a δε r3
a I ′n ≈ 100 ∼3 · 103
Neethling et al. [4] Experimental Rn = μCVδar3 CV ≈ 24 ∼150
Saint-Jalmes et al. [1] Experimental Rn = μδnR
0
n
δ2a r3
R0n ≈ 120–390 1.5–4.5 · 103
a This expression has been deduced from [3] assuming that ε < 1% and given by
ε ' δεr2/L2.
Fig. 1. Single foam node formed at the junction of four Plateau borders. The black
vertical bar is one of the frame rods.
Comparisons of Eq. (4) with these expressions provide several val-
ues for R˜n that can now be compared together (see Table 1 for
details). The values span over a large range although the foaming
solutions used by the authors are similar. In fact, reported val-
ues in [2] and [1] are consistent, but it should be said that the
corresponding authors used the same model for the foam perme-
ability. In contrast, values reported in [6] and [4] are close together
although the respective approaches are radically different. Con-
sidering the experimental data presented above, one can wonder
if these large differences observed in the experimental values of
the node resistance could be attributed to the assumptions made
by the authors [1–4] about the network geometry. As the mea-
sured value for R˜n on the foam scale is model dependent—i.e. it is
treated as a ﬁtting parameter—the experimental study of a single
node appears to be an interesting alternative method to estimate
this value.
3. Measurement of the resistance of a single node
The experimental setup used in this study has been previ-
ously described and more details can be found elsewhere [7,8].
We just recall that a Plateau border and the three adjoining ﬁlms
are formed on withdrawing a tripod from a reservoir containing
the foaming solution, and that liquid can be injected through the
channel at a controlled ﬂow rate Q . For the present study, a gas
bubble is released from the reservoir with a syringe allowing a
node to be generated (see Fig. 1). The total pressure difference 1P
can be measured over the system. 1P results from the association
in series of the upper Plateau border (pb1), the node (n), and the
three lower Plateau borders (pb2), themselves in parallel associa-
tion:
1P = 1P1 + 1Pn + 1P2. (5)
The determination of 1Pn requires the pressure drops 1P1 and
1P2 to be determined. These quantities are known to be depen-
dent on the surface shear viscosity, μS, characterising the inter-
face mobility. This latter parameter has been determined from the
study of a single Plateau border, as reported in [7]. Then, the geo-
metrical features of the channels (length and cross-sectional areas)
are measured from image processing performed on pictures such
as the one in Fig. 1. We considered that the junctions between
the channels and the node correspond to the points of the pro-
ﬁle where the curvature of the interface (within the vertical plane
in Fig. 1) abruptly change or reverse. As the cross-sectional area
slightly evolves along the PBs, the channels of length ` can be seen
as composed of a set of N small borders, each with a length 1li ,
so that ` =∑Ni=1 1li . At each element i is associated the cross-
section Apbi , which is determined from the channel proﬁle, and a
local Boussinesq number Boi = μS/μ(Apbi/δa)1/2. In that case, the
total pressure drop 1P1,2 is [7–9]:
1P1,2 =
N∑
i=1
μ1li
A2pbi
(
0.0655× Bo−0.5i
0.209+ Bo0.628i
+ 0.020
)−1
Q 1,2. (6)
Note that the liquid ﬂow rate through each channel pb2 is
Q 2 = Q 1/3. Besides, the effect of the longitudinal curvature of
these channels is neglected in the estimation of the correspond-
ing pressure drop.
For this study, TTAB (tetradecyltrimethylammonium bromide
99% purchased from Aldrich) was used in solution at a concen-
tration C = 3 g/L (C/CMC ≈ 3). This solution is similar to so-
lutions used in [1–4]. With this solution, we found that μS ≈
3–4 · 10−5 g/s and Bo ≈ 0.1, which is consistent with values re-
ported in [1] for these parameters.
4. Results and discussion
In Fig. 2, the dimensionless parameter R˜n = (r3/μ)(1Pn/Q ) is
plotted as a function of the average liquid velocity through the
upper Plateau border: vpb = Q / A¯pb1 (error bars correspond to val-
ues of R˜n estimated with values of r at the inlet and the outlet
of the node). For comparison, values reported in [1–4,6] are also
presented: R˜n varies within the range 150–700 (see insert). This
behaviour agrees qualitatively with the variation previously re-
ported for a single Plateau border [7]. At low ﬂow rates, pressure
differences become close to the accuracy of the pressure measure-
ment so that it is diﬃcult to attribute the observed variation to an
evolution of the mobility of the interface as this latter is sheared
by the liquid ﬂow. Note that this evolution cannot be compared
with other experimental data as the authors reported an average
value of R˜n that has been ﬁtted to their model over the range
of investigated ﬂow rates, and that such interfacial effects are not
considered in numerical simulation [6]. At higher liquid velocities,
full agreement is found with the values reported by Neethling et al.
The average value of our data is very close to the numerical value
proposed by Cox et al. This good agreement with [4] and [6] allows
a consistent range of values to emerge: 150 < R˜n < 400. In con-
trast, the full range of data reported in this paper does not overlap
with the values reported in [1–3]. Could these discrepancies be
explained by the inﬂuence of the Boussinesq number? In fact, an
estimation of this inﬂuence is available in [6]: in the limit of rigid
interfaces, the contribution of the node is expressed as a length
correction to the Plateau borders length. The corresponding value
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Fig. 2. Dimensionless resistance parameter of a foam node as a function of the
average liquid velocity through the upper Plateau border (see Fig. 1). Error bars
correspond to values of R˜n estimate with values of r at the inlet and the outlet of
the node.
of Rn is not explicitly reported, but from this paper, we could esti-
mate R˜n = 4 ·0.03 ·49/δ2a ' 225. Comparing this value with the one
corr sponding to the mobile interface, i.e. R˜n ' 250±25, it appears
that although a slight increase is obtained for R˜n as a function of
the int rface mobility, this variation is not in quantitative agree-
ment with Fig. 2, indicating that the observed discrepancies cannot
be explained by the effect of the interface mobility. As the values
obtained for R˜n are model dependent in [1–4], reasonable x-
planation for these discrepancies could be found in the network
geometry assumed by the corresponding authors. A complete eval-
uation of this effect remains to be done.
5. Summary
An alternative experimental method has been proposed to de-
termine the hydrodynamic resistance of a foam node. In contrast
to previous experimental evaluations, the node resistance is not
treated as a ﬁtting parameter, but instead it is directly measured
on the microscopic scale. New results have been obtained and have
been found to be in good agreement with one previous exper-
imental work and with data obtained from the numerical study
of this problem. This consistent set of values is not in accordance
with the values recently proposed in the quantitative description
of foam drainage, so that the present result seriously questions
about the validity of this model, that overestimate the nodes re-
sistance.
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a) b)
Figure 14: a) Formation of single node to mea ur the prssu e d p before and after eac
element of foam. b) Dimensionless node hydraulic resistance of TTAB foam versus average
velocity of top PB. Rep i t d from [52].
rate, and normalized it by r3/µ. The result was the dim nsionless hydr ulic
resistance of a single node: R˜=(r3/µ)(∆Pn/Q). The plot of dimensionless
hydraulic resistance of a single node of TTAB foa versus aver ge v locity
of p PB is shown in Fig. 14.b. They could obtain the range of 150-400
for the the node resistance of TTAB foam claiming that other studies values
r over stimati it[52]. Fr m the fluid dynamics point of view, Weaire t
al.[53] run the CFD simulations for the PBs and their resultant node by an
assumption of a rigid liquid-gas interface. Th y [53] calculated the v locity
fi lds for the node. However, th ir esults were only for tw extreme mobile
and rigid interfaces. Another interesting finding about the node in foam is
Koehler’s observation [54] of monodisperse foam in a vertical Hele-Shaw cell.
The cell is perfused by dyed in one side and u dyed in another side as it is
shown in Fig. 15. By the results of his experiment, he[54] discussed that
the liquid in the monodisperse foam has zigzag movements while draining,
even after passing through thousands of bubbles. It seems that there is zero
mixing in the horizontal direction and the lateral motion is limited to only
one bubble. It is said that the liquid has a memory by which determines its
flow direction through nodes and channels. Hence, each entering PB’s flow,
exit the node to return back to the original lateral direction[54].
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Figure 15: a) A fluorescence picture of foam in the Hele-Shaw cell. The left side is perfused
by undyed liquid whereas the right side is perfused by dyed liquid. b) 3D visualization of
the fluorescence intensity. Reproduced from [54].
4. Films
For films on the wireframe, most areas have unidirectional flow and there
are no significant variations in the film thickness. However, for films in foams,
the situation is complicated. For a better description of foam, investigating
the film and its surface mobility seems necessary [55]. Koehler et al. [31]
made an upper bound estimation for the flow in the foam film ignoring the
Marangoni flow. The dimensionless Stoke equation and coupling of surface
viscosity and bulk viscosity as the gas-liquid interface boundary condition,
Bo = µsµr , are used for solving the liquid flow in a simplified film. The used
geometry which is a quarter of film and the sample calculation of velocity field
for Bo=10 are shown in Fig. 16.a and 16.b. The other boundary conditions
are symmetry in cut edges and rigid wall on the left side of the film. The
dimensionless average velocity of film versus different interfacial mobility,
M = (Bo)−1, is shown in Fig. 16.c for different film thicknesses. Hence, the
effects of both the interfacial mobility and film thickness on the liquid velocity
of the film can be seen. Overall, they[31] discussed that films’ contribution
to the drainage is insignificant when the films are sufficiently thin. However,
for thick films or low liquid volume fractions, the drainage due to the liquid
films can be significant [31]. Rouyer et al. [56] also studied the effect of films
on foam drainage through their influence on the drainage of PBs. They show
that three arcs that enclose the PB cross-section can have a non-zero contact
angle of θ as it is shown in Fig. 17. They[56] discussed that slight increase
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Figure 16: a) A quarter of film’s geometry used for the numerical calculation. b) Calculated
velocity field of simplified film with Bo = 10. c) Dimensionless average velocity of simplified
film versus interfacial mobility or Bo for three different film thicknesses. Reproduced
from[31].
in the θ of a foam with mobile liquid-gas interface results in a significant
decrease in the average velocity of PBs as it is shown in Fig. 17.c. However,
it seems that the contact angle has an insignificant effect on foams with
rigid and semi-rigid interfaces[56]. In another study[51], the contribution of
the film in the drainage of aqueous foams is investigated experimentally. It
shows that the films in the foam can be thick, even more than 2µm. The
film colour turns to white and the circulation pattern, shown in Fig. 18.a
is observed. The significance of this pattern is the flow of liquid from the
upper node to the lower node directly and without passing through PBs.
A more detailed pattern in Fig. 18.b illustrate a swollen thick film due to
the flow in the center and pinching on the regions contacting the PBs. The
flow in the center of the film carries the surfactant from the upper node to
lower node, encouraging surfactant concentration gradients and causing the
upward flow near the PBs. Furthermore, the contribution of film to the liquid
fraction was calculated and determined to be negligible for the foams with
big bubbles, and yet, not trivial for the small bubbles[51]. The velocity of
the flow in the center of the film is the same order of magnitude of the PB
velocity. Therefore, for the small bubbles, the film is an active element in the
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Figure 17: a) Pinching of PB cross-section and definition of contact angle. b)Sketch of
PB cross-section geometry with the θ varied from 0 to 30. c) Scaled permeability of PB
as a function of contact angle θ. Reproduced from [56].
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(a) Coupled bulk and surface ﬂows close to a node. The injected ﬂow rate q is distributed over three output channels (blue arrows). The
surface ﬂows at upstream and downstream channels create an excess ( plus signs) or a lack (minus signs) of surfactant molecules compared
to the equilibrium surface concentration. Marangoni counterﬂows in the channel/ﬁlm transitional regions (red arrows) act against this
imbalance of surface concentrations. (b) Surfactant ﬂow at a Plateau border surface. Surfactants are entrained by bulk ﬂow in the central
region of the channel surface, whereas Marangoni counterﬂows near the corners of the channel cross section entrain surfactant
molecules in the opposite direction. This recirculation mechanism reduces the channel permeability kPb . (c,d ) The channel/ﬁlm
transition region as observed in the Plateau border apparatus (Pitois et al. 2005b). Thin spots driven by Marangoni counterﬂow are
observed (dark areas in the ﬁlm) with velocity proportional to the average liquid velocity in the channel. (e) A vertical ﬁlm in a foam
during a perfusion with a solution of sodium dodecyl benzene sulfonate (Carrier et al. 2002). The colored pattern reveals Marangoni
counterﬂows close to the Plateau borders.
solution compares well with that simulated for a foam node with free (totally mobile) interfaces
(Cox et al. 2001).
3.3. Multiscale Modeling of Foam Drainage
Foam drainage is modeled as ﬂow through a porous medium composed of Plateau borders and
nodes. The interstitial liquid ﬂows under the combined actions of the hydrostatic and capillary
pressure gradients. At a scale corresponding to many bubbles, the liquid ﬂow rate per unit area is
described by Darcy’s law (Koehler et al. 2000),U = K (ρ g−∇P )/μ. One of the main differences
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Figure 18: Pattern of flow in the thick film. Reproduced from [51].
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drainage of foams. Consequently, the flow pattern in the nodes will change
and the isotropy of the foam will be broken.
Undoubtedly, liquid films are an important component of foam. They
can influence both the foam drainage (as discussed above) and stability. The
literature on the foam film drainage and stability is rich, e.g., [57] but the
current modelling of foam drainage and stability has a weak link with the
microscale theories developed for foam films. For example, the literature on
foam film drainage[58] shows that the interfacial properties such as the inter-
facial mobility, viscosities, and elasticities are determined by the surfactant
adsorption (can be quantified using the surfactant adsorption theories) but
the modelling of foam drainage still considers the interfacial mobilities as
the model input parameters, disconnecting the critical role of surfactants in
foaming a solution. Significantly, solid particles also play a critical role in
the drainage and stability of foams as evidenced by a number of industrial
processes, including mineral flotation used in the mining industry. Fine but
hydrophilic particles are known to stabilize the foams (and making them wet)
but hydrophobic particles are known to destabilize the liquid films between
air bubbles and, consequently, foams [59]. We will provide further details
about the effect of solid particles on foam drainage in Section 9, but in-
corporating the drainage and stability of liquid films in the presence of solid
particles into the modelling of foam drainage and stability is still a challenge.
5. Marangoni flow in foam
The Marangoni effect happens when there is a surface tension gradient.
Marangoni effect was named after Carlo Giuseppe Matteo Marangoni who
studied it in his doctorate thesis in 1865 [60]. The surface tension gradient
can be induced by the chemical composition or temperature of the interface.
The former case is called solutocapillary effect and the latter is called thermo-
capillary effect. In aqueous foams, surface surfactants concentration gradient
is the main reason for the Marangoni flow[61]. Surfactants are chemical com-
ponents such as oil and soup that are solved in the water. Owing to their
molecular structure which has a hydrophilic head and hydrophobic tail, they
locate at the free surface and reduces the surface tension. Hence, a gradient
in surface surfactant concentration Γ results in a surface tension gradients.
Its concept is drawn in the Fig. 19. Generally, surface tension decrease with
Γ until a critical concentration where beyond that surface tension remains
constant. Bhamla et al. [62] discussed that the Marangoni flow stabilizes
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Figure 19: The schematic of a Marangoni flow in an interface caused by the surface
surfactant gradient and consequently, surface tension gradient.
the film by slowing the drainage of the film. Breward et al. [63] conducted
an intensive mathematical analysis on the film. They studied the balance of
viscous, capillary and Marangoni effect on mobile and rigid films [63].
5.1. Recirculation model
Pitois et al. [64] were the first who modeled and measured the recir-
culation counterflow caused by Marangoni effect in the transitional region
located between PB and the adjoining films. The previous models were
based on infinite channels which assume the same entered surface surfactant
concentration exits the system. In reality, however, the surface surfactant
concentration changes where it is being convected through the foam net-
work. An example of non-constant surface surfactant concentration is shown
in Fig. 20.a. The entering bulk liquid with the flow rate of Q and three sur-
face surfactant of Γequal branches in the node into three flow rates of Q/3 and
six surface surfactant of 2/3Γequal, changing the balance of bulk and surface
flow. This example shows the continual surface surfactant changing along the
PB surface. This change will be partly counteracted by the convection of sur-
face flow from the higher surface surfactant concentration towards the lower
surface surfactant concentration. This counteract flow is illustrated in Fig.
20.b. The surface surfactant concentration gradient induces a Marangoni
stress of
τMarangoni = dγ
dz
≈ E
Γequal
(Γ+ − Γ−
L
) (13)
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IPT
a) b)
c) d)
e) f)
Figure 20: a) Bulk and surface flow of a PB that branches into three more PBs. Note that
while the bulk flow branches to three PBs, each surface flow branches into two surfaces. b)
Surface of PB and its adjoining film. Gradient of surface surfactant concentration induce
a Marangoni flow, shown with black arrows in the transitional region, and opposite to the
PB’s flow direction. c) PB permeability versus the ratio of the counterflow Marangoni
velocity to PB velocity. d) sketch of Marangoni counterflow. d) Picture of the transitional
region where the Marangoni flow occurs. e) Marangoni counterflow velocity versus PB
velocity. Reproduced from [64].
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where E is the Gibbs elasticity
E = −Γequal(dγ
dΓ
)Equal (14)
For conventional TTAB, BSA, and SDS foams, the Gibbs elasticity of 0.01N/m
is chosen by the researchers [64–66]. It is convenient to keep the Gibbs elas-
ticity constant for different interfacial mobility, Bo. However, more accurate
study could investigate the effect of other factors such as the Gibbs elastic-
ity, surface shear viscosity, and dilatational viscosity on Marangoni flow[67].
Analytical and numerical calculations of Pitois et al.[64] show that the hy-
draulic resistance and permeability of PBs are dependent on both the dimen-
sionless Bo as well as the upward velocity of Marangoni flow. This relation
is shown in Fig. 20.c along with the schematic sketch of PB cross-section
and transitional region in Fig. 20.d. They [64] also measured the upward
velocity experimentally by tracking the motion of the thin spots on the tran-
sitional region. The picture of the transitional region along with the graph
of Marangoni counterflow are shown in Figs.20.d and20.e
5.2. Marangoni-driven flow during foam fractionation
Marangoni flow has another role in the aqueous foam, particularly in the
process of foam fractionation. Foam fractionation is a process in which hy-
drophobic molecules are removed from a liquid solution using rising columns
of foam [68]. This unit, known as the protein skimmer, has other applica-
tions in the industry such as removal of surface active contaminations from
wastewater. Certain foam fractionation columns use a reflux system where a
portion of the foamate is returned back to the column’s top. The reason for
using a reflux system is enriching the film’ surfactant. The reflux increases
the surfactant concentration in PB while the surfactant concentration in the
films is unchanged. The transportation of the extra surfactant from PB to
the film plays a vital role in the efficiency of separation in the foam frac-
tionation column[69, 70]. It seems that just diffusion of the surfactant from
PB towards the films is insufficient. Hence, Marangoni flow distributes the
extra surfactant molecules from PB to the films. Two types of flow are active
in the transport of the surfactants: the film drainage from film towards PB
due to the lower pressure in the PB and the Marangoni flow from surfactant-
rich PB towards the films due to a sharp surfactant gradient near the edges
of the films [71, 72]. The drainage rate of the interfacially mobile films is
larger than that of the interfacially rigid films resulting in the film drainage
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2. Model for ﬁlm ﬂow
Fig. 1(a) shows a sketch of a ﬁlm joining up to a Plateau border.
In the ﬁrst instance we focus on the ﬂow in the ﬁlm. We adopt the
model already considered by Vitasari et al. (2016) in which the ﬁlm
is taken to be perfectly ﬂat (i.e. we ignore the complications
associated with possible dimpled shapes of the ﬁlm near its
junction with the Plateau border, Frankel and Mysels, 1962; Joye et
al., 1992, 1994, 1996). The ﬁlm is also assumed not to drain so its
thickness is taken to be constant as well as uniform (although
effects of ﬁlm drainage causing thickness to vary with time could
be incorporated into the model if desired, Vitasari et al., 2013b;
ﬁlm Marangoni ﬂows tend to start off dominating ﬁlm drainage
ﬂows, but the Marangoni ﬂows also decay more rapidly as sur-
factant is transported onto the ﬁlm surface, and ﬁlm drainage
might then be a signiﬁcant contributor to any remaining transport,
Vitasari et al., 2013b). Moreover the ﬁlm thickness is much smaller
than its length (the half-thickness being denoted δ0 and the half-
length being denoted L with δ0⪡L): lubrication theory approx-
imations apply. These give a parabolic ﬂow proﬁle across the ﬁlm
thickness as sketched in Fig. 1(b)
u¼ usðxÞ
3
2
y2
δ20
1
2
 !
ð1Þ
where x is a coordinate along the ﬁlm (with x¼0 corresponding to
the point where the ﬁlm meets the Plateau border, and deﬁned
such that xo0 on the ﬁlm), y is a coordinate across the ﬁlm (with
y¼0 midway across), u is the velocity in the ﬁlm, us is the velocity
on the ﬁlm surface, and δ0 is the ﬁlm half-thickness.
This proﬁle implies a viscous shear stress at the ﬁlm surface
μ ∂u=∂yj y ¼ δ0 ¼ 3μus=δ0 ð2Þ
where μ is viscosity of the liquid in the ﬁlm. On the gas–liquid
surface we then have (matching the shear stress to Marangoni and
surface viscous stresses)
μ ∂u=∂yj y ¼ δ0 ¼ ∂γ=∂xþμs∂2us=∂x2 ð3Þ
where γ is surface tension and μs is surface viscosity. Substituting
(2) into (3) gives
3μus=δ0 ¼ ∂γ=∂xþμs∂2us=∂x2: ð4Þ
The question of interest here is, given an instantaneous dis-
tribution of γ vs. x, what is the value of us j x ¼ 0? This quantity is of
interest because us j x ¼ 0 governs the ﬂow and hence mass transfer
between Plateau border and ﬁlm (and hence the time evolution of
γ).
In order to determine us j x ¼ 0, Eq. (4) needs to be solved subject
to suitable boundary conditions. On symmetry grounds, us van-
ishes at the centre of the surface of the ﬁlm. Again on symmetry
grounds, us vanishes at the centre of the surface of the Plateau
border: see Fig. 1(a). Given that we have one condition on the ﬁlm,
and one condition on the border (with Eq. (4), as formulated
above, applying only to the ﬁlm), we need somehow to match the
ﬁlm ﬂow to the border ﬂow in order to solve for us.
The approach of Vitasari et al. (2016) was to assume that the
velocity ﬁeld us(x) on the ﬁlm could be ‘extrapolated’ onto the
border. Matching was achieved by ‘unfolding’ the surface of the
border onto a straight line, taking a uniform surface strain rate
(and hence a uniform ∂us=∂x equal to the value ∂us=∂xj x ¼ 0 at the
junction with the ﬁlm) on the now ‘unfolded’ border. The question
we plan to address is whether or not this assumption used by
Vitasari et al. (2016) to achieve matching was appropriate or not.
3. Flow in a Plateau border
The complete set of ﬂuid mechanical calculations required to
check the aforementioned assumptions of Vitasari et al. (2016)
turn out to be rather detailed and complicated ones. The reasons
for these complications (and a possible way around them, which
we employ in this work) are outlined below.
Conventionally one thinks of the surface of a Plateau border as
being highly curved by comparison with the ﬁlms (see e.g. Fig. 1
(a)). Films must meet threefold at Plateau borders at 2π=3 angles,
but since cross-sections of Plateau borders (for a dry foam at least)
are much smaller than lengths of ﬁlms, sharp curvatures at the
borders are required so as to turn through these 2π=3 angles over
a comparatively small length scale.
Idealising, the curved Plateau border surfaces are treated as
being arcs of circles, whilst ﬁlms are treated as ﬂat. In a foam, the
pressure difference (Weaire and Hutzler, 1999) (or more correctly,
the normal stress difference) between the gas in the bubbles and
the liquid in either Plateau borders or ﬁlms depends on curvature
of the gas–liquid interface (the Young–Laplace law). Since the
borders are highly curved, they tend to have lower pressure than
the ﬁlms, meaning that liquid can drain from the ﬁlms into the
borders. Over and above this, in the application of interest here (a
fractionation column operated e.g. with reﬂux and/or in stripping
mode) there is a ﬂux of liquid added to the foam, which ﬂows
through the Plateau borders swelling them. The result of all of this
is that borders tend to contain rather more liquid than ﬁlms: even
though the border cross-section is smaller than the lengths of the
ﬁlms, the ﬁlm thicknesses can be very tiny indeed, and hence the
total amount of liquid in the ﬁlms can be small.1
In ﬂuid ﬂow problems involving ﬁlms joining up with Plateau
borders, pressure must change continuously with position moving
from the ﬁlms into the borders. The complication of course is that
the curvature of the liquid–gas interfaces is tied to pressure dif-
ference: the picture whereby borders are uniformly curved and
ﬁlms are ﬂat is not strictly valid. What one can observe in the
neighbourhood of where the ﬁlm meets the border is a so-called
‘transition region’ (a concept introduced by Bretherton, 1961 and
discussed also by Schwartz and Princen, 1987; Reinelt and Kraynik,
1989, 1990), with pressures and curvatures varying signiﬁcantly
over a comparatively small distance near that ﬁlm–Plateau border
junction. Away from the transition region, the ﬁlm can be thought
We are interested in the surfactant ﬂow between the border (higher surfactant
coverage and hence lower surface tension) and the ﬁlm (lower surfactant coverage
and hence higher surface tension). The border also has a symmetry point at which
no ﬂow may occur. (b) Close up zoomed view of the entrance region of a Plateau
border, near the junction between the ﬁlm and the Plateau border.
1 For a stable foam, the ﬁlms, when they eventually become thin enough, are
stabilised by colloidal disjoining pressures and ﬁlm drainage then stops.
P. Grassia et al. / Chemical Engineering Science 143 (2016) 139–165 141
Figure 21: a) Sketch of uniform curved PB and flat film conjunction and flow pattern in
the conjunction region. Reproduced from [72].
dominance and surfactant transport towards PBs. Conversely, in case of in-
terfacially rigid films, the drainage rate is small resulting in the Marangoni
flow dominance and surfactant transport towards the films which is a desir-
able condition in most foam fractionation applications. The schematic of the
PB and film conjunction along with the both drainage flow from film towards
PB and Marangoni-driven flow from PB towards film is shown in Fig. 21
5.3. Photosurfactant induced Marangoni flow
There is another interesting Marangoni flow which is caused by the UV
light. Chevallier et al. [73] investigated the effect of UV light on the drainage
of thin aqueous films and on the drainage of foam in a container. They
made two different scales of geometries of two-bubble vertical film and real
size fo m in the container. For those foams, they used the photoswitchable
surfacta t of which its characteristics, shape, and hydrophobicity can be
altered by UV rays. Hence, exposing those foams to UV rays results in a
surface excess and surface tension modification of the films and foam. The
experiment setups and illustrated effect of UV illumination are shown in
Fig. 22. They observed that shining UV on the two-bubble film and macro
foam in column, decreases their drainage rat . However, the m ch nisms of
drainage decreases are different for those two cases. For the two-bubble thin
films, illumination of UV results in a difference in the flux of the interfacial
surfactant between film and PB, and consequently, a difference in surface
tension of the films and PB. This induces a controllable Marangoni flow from
PB to the film, which opposes the gravity and capillary forces and results
in n upward flow in the films. They [73] found out that the UV intensity
and photosurfactants concentration can control the drainage flow in the two-
bubble films. On the other hand, in the foam in the column, the UV rays
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between the meniscus and the lm under UV light. The velocity
is controlled by the light intensity and hence the rate of cis–trans
photoconversion at the interface. Below we study light-induced
ows at the scale of a macroscopic 3D foam.
D Photoinduced ﬂows at the scale of a
macroscopic foam
A 30 cm high column with a rectangle section of 5 cm2 is lled
with an aqueous foam made with the photosurfactant solution
at a concentration 1.15 mM. The foam is produced by bubbling
gas through porous frits of controlled porosity, and at
controlled pressure. We illuminate a 1 cm wide horizontal
section of the foam using ber optics (Prizmatix) while the other
part is kept in the dark. We record the time evolution of the
liquid fraction at several heights in the foam using conducti-
metric measurements according to the method described in
ref. 22. In the absence of UV light, the liquid fraction fl recorded
by the electrodes at all heights decreases monotonously with
time because of the drainage ow induced by gravity, similarly
to standard surfactants (ref. 3). A typical drainage curve fl(t)
without UV light is shown in Fig. 6a. When UV light is applied
locally on a given section of the foam, as described in more
detail below, the liquid fraction of the illuminated section stops
decreasing or even increases for several hundreds of seconds
(Fig. 6c). For the rest of the foam, kept in the dark, we do not
detect signicant variations in the curve fl(t) (not shown).
Varying the age of the foam at which the UV light is turned
on enables us to explore the inuence of the initial liquid
fraction of the foam. For young and humid foams whose initial
liquid fraction is above 1%when shone in UV the liquid fraction
remains constant for typically 200 seconds aer switching on
the UV light. Aer 200 s, the foam starts breaking similarly to
what we reported in a previous article.23 For dryer foams –fl <
1% aged for more than 400 s, the UV stimulation leads to an
increase of the liquid fraction for 100 seconds and then the
foam starts breaking.
As for the thin-lm experiment, we observe a ow which can
actually be stronger than gravity. Concerning the mechanism at
the bubble scale, allowing the foam to remain locally wet, one
can wonder if the liquid transfer from PBs towards lms,
described in the previous section, can also be relevant here.
Indeed, redistribution of the liquid in the lms, from the PB,
could explain the slowing down of the global drainage (even
with swelling, the lm thickness would still remain small
compared to rpb) Thus one rst has to gure out what would be
the lm thickness in the foams. Following Section C, we have
derived the relationshipH rPBCa2/3. In the experimental foam,
rPB depends on fl according to rPBz 2.5fl
1/2LPB eqn (5), where
LPB is the length of the Plateau borders.1,2,24 For values of fl ¼
0.01 and LPB ¼ 200 mm, typical for our dry foams, we estimate
Fig. 5 (a) Rate of retraction, 3, of the central ﬁlm as a function of light intensity.
The squares represent the data points and the line represents the model. (b) Rate
of retraction of the fresh ﬁlm as a function of the surfactant concentration. The
squares represent the data points and the triangles represent the model.
Fig. 6 (a and b) Set-up used to study the inﬂuence of UV light on foam drainage.
Conductimetric electrodes enable us to obtain the liquid fraction inside the foam
as a function of the height in the foam column. (a) A typical drainage curve
obtained in the dark. (c) Time variation of the liquid fraction of the section of the
foam illuminated by UV light. The results are given for foams which have been
“aged”, i.e. left to drain in the dark for times between 12 and 570 seconds. Before
UV stimulation the liquid fraction decreases as a function of time because of the
drainage ﬂow induced by gravity. When the UV light is shone on the foam
column, the liquid fraction of the illuminated section of the foam remains
constant or even swells with liquid.
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(Fig. 2a). Before stimulation, the thin-lm drains under the
action of gravity and becomes thicker at the bottom, as shown
by the Newton fringes in Fig. 2b, for t ¼ 0 s. When UV light is
shone on the sample at t ¼ 0, the lm stops thinning and an
upward ow tends to thicken the lm. The brown fringe,
characteristic of a thickness h ¼ 140 nm, moves upward
(Fig. 2b). This rst experiment is clear evidence that UV light
and photosurfactants can be used to achieve a remote control of
the drainage ows in thin-liquid lms.
To investigate the light-induced ows without the eﬀect of
gravity, we rotated the set-up shown in Fig. 2 until the thin-lm
is horizontal. As shown in Fig. 3, the UV stimulation results in a
radial ow directed toward its center. A fresh lm of uniform
thickness H of the order of one mm is drawn from the Plateau
borders and invades the central lm of initial thickness h0 of the
order of 300 to 750 nm.
The area A(t) of the thin-lm initially present decreases with
time at a constant rate (Fig. 3c), from its initial value A0.
However, the volume of the central lm, h0  A(t), is constant
during the experiment, meaning that there is no transfer of
material between the initial thin-lm and the fresh lm of
thickness H that invades the thin lm.
This situation is similar to the problem described theoreti-
cally by Frankel where a soap lm of thickness H is mechan-
ically drawn from a bath of liquid at a velocity U using a metal
frame.19 In the steady state, the thickness H results from the
balance between capillary forces and viscous dissipation in the
lm and is given theoretically by H ¼ 2.68rmCa2/3, with rm the
radius of curvature of the meniscus, Ca ¼ hU/g the capillary
number, g the surface tension, and h the viscosity. In Frankel's
situation the curvature of the meniscus is set by
lcﬃﬃﬃ
2
p with
lc ¼
ﬃﬃﬃﬃﬃﬃ
r g
g
r
the capillary length, r the liquid density and g the gravity constant, whereas in our case the relevant length scale is
given by the Plateau borders, whose curvature, rPB, can be
controlled by injecting a liquid using a syringe into the menisci.
Unlike in Frankel's work where a direct mechanical traction
is needed to pull the lm, applying UV light on the interface
enables us to control remotely the advance of the fresh lm.
Moreover varying the light intensity or the surfactant concen-
tration enables us to tune the velocity U and hence to explore
diﬀerent capillary numbers between 105 and 104. rPB is
measured by image analysis of the prole of the Plateau border,
H is measured by interferometry and the velocity U is obtained
by measuring dR/dt, the rate at which the radius of the central
lm decreases. We nd that the ratio H/rPB of the thickness H
and the radius of the Plateau borders scale as Ca2/3 as predicted
by Frankel (Fig. 4). Our results fall slightly below Frankel's
prediction, as also observed for several solutions in Frankel's
geometry.20 This likely indicates that the interfaces of the pho-
toswitchable surfactants may exhibit some dilations whereas
Frankel assumed rigid interfaces.
Let us discuss the driving force for this light-induced Frankel
ow. It was shown recently that pulling a lm at a velocity U
requires a surface tension diﬀerence between the menisci and
the lm given by21
dg ¼ 5gCa2/3 (1)
Fig. 2 (a) Set-up allowing the formation of a vertical thin-ﬁlm between two
lateral ﬁlms and illumination with a UV light; (b and c) – eﬀect of UV light on the
drainage. In (b), the series of photos show the central thin-ﬁlm observed with
white-light in reﬂection. In the dark, gravity induces a downward ﬂow which
tends to thicken the lower part of the ﬁlm. When the UV light is switched on, an
upward ﬂow is opposing the drainage ﬂow. The brown fringe (h ¼ 140 nm)
moves upward. See video in ESI†.
Fig. 3 (a) A horizontal ﬁlm illuminated with UV light at time t ¼ 0, 6, and 12
seconds after UV light is switched on. A fresh ﬁlm of thickness H invades the thin
ﬁlm of initial thickness hmoy. (b) Schematic side view of the ﬂow presented in the
photos of (a). (c) Area of the central ﬁlm as a function of time for various
conditions such as initial thickness hmoy and radius of curvature rPB.
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(Fig. 2a). Before stimulation, the thin-lm drains under the
action of gravity and becomes thicker at the bottom, as shown
by the Newton fringes in Fig. 2b, for t ¼ 0 s. When UV light is
shone on the sample at t ¼ 0, the lm stops thinning and an
upward ow tends to thicken the lm. The brown fringe,
characteristic of a thickness h ¼ 140 nm, moves upward
(Fig. 2b). This rst experiment is clear evidence that UV light
and photosurfactants can be used to achieve a remote control of
the drainage ows in thin-liquid lms.
To invest gate the light-induced ows without the eﬀect of
gravity, we rotated the set-up shown in Fig. 2 until the thin-lm
is horizontal. As shown in Fig. 3, the UV stimulation results in a
radial ow directed toward its center. A fresh lm of uniform
thickness H of the order of one mm is drawn from the Plateau
borders and invades the central lm of initial thickness h0 of the
order of 300 to 750 nm.
The area A(t) of the thin-lm initially present decreases with
time at a constant rate (Fig. 3c), from its initial value A0.
However, the volume of the central lm, h0  A(t), is constant
during the experiment, meaning that there is no transfer of
material between the initial thin-lm and the fresh lm of
thickness H that invades t e thin lm.
This situation is similar to the problem described theoreti-
cally by Frankel where a soap lm of thickness H is mechan-
ically drawn fro a bath of liquid at a velocity U using a metal
frame.19 In the steady state, the thickness H results from the
balance between capillary forces and viscous dissipation in the
lm and is given theoretically by H ¼ 2.68rmCa2/3, with rm the
radius of curvature of the meniscus, Ca ¼ hU/g the capillary
number, g the surface tension, and h the viscosity. In Frankel's
situation the curvature of the meniscus is set by
lcﬃﬃﬃ
2
p with
lc ¼
ﬃﬃﬃﬃﬃﬃ
r g
g
r
the capillary length, r the liquid density and g the gravity constant, whereas in our case the relevant length scale is
given by the Plateau borders, whose curvature, rPB, can be
controlled by injecting a liquid using a syringe into the menisci.
nlike in Frankel's work where a direct mechanical traction
is needed to pull the lm, applying UV light on the interface
enables us to control remotely the advance of the fresh lm.
Moreover varying the light intensity or the surfactant concen-
tration enables us to tune the velocity U and hence to explore
diﬀerent capillary numbers between 105 and 104. rPB is
measured by image analysis of the prole of the Plateau border,
H is measured by interferometry and the velocity U is obtained
by easuring dR/dt, the rate at which the radius of the central
lm decreases. We nd that the ratio H/rPB of the thickness H
and the radius of the Plateau borders scale as Ca2/3 as predicted
by Frankel (Fig. 4). Our results fall slightly below Frankel's
prediction, as also observed for several solutions in Frankel's
geometry.20 This likely indicates that the interfaces of the pho-
toswitchable surfactants may exhibit some dilations whereas
Frankel assumed rigid interfaces.
Let us discuss the driving force for this light-induced Frankel
ow. It was shown recently that pulling a lm at a velocity U
requires a surface tension diﬀerence between the menisci and
the lm given by21
dg ¼ 5gCa2/3 (1)
Fig. 2 (a) Set-up allowing the formation of a vertical thin-ﬁlm between two
lateral ﬁlms and illumination with a UV light; (b and c) – eﬀect of UV light on the
drainage. In (b), the series of photos show the central thin-ﬁlm observed with
white-light in reﬂection. In the dark, gravity induces a downward ﬂow which
tends to thicken the lower part of the ﬁlm. When the UV light is switched on, an
upward ﬂow is opposing the drainage ﬂow. The brown fringe (h ¼ 140 nm)
moves upward. See video in ESI†.
Fig. 3 (a) A horizontal ﬁlm illuminated with UV light at time t ¼ 0, 6, and 12
seconds after UV light is switched on. A fresh ﬁlm of thickness H invades the thin
ﬁlm of initial thickness hmoy. (b) Schematic side view of the ﬂow presented in the
photos of (a). (c) Area of the central ﬁlm as a function of time for various
conditions such as initial thickness hmoy and radius of curvature rPB.
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c) d)
a) b)
Figure 22: a) Setup of a verical thin-film. b) Series of photos of the film under UV. c)
setup of foam column under UV d) Variation of liquid volume fraction of the illuminated
region. R produced from [73]
reach only portion of the foam and only able to cha ge the surface tension
and capillary pressure in the illuminated region. N te th t in the foam in
the colum , the transverse radius curvatures of PBs are orders of magnitude
smaller than two-bubble thin films. This results in a larger capillary suction
in foam in column compard to two-bubble films; ∆Pγ = −γR . Thus, in the
foams in the column, the capillary suction from PBs prevents the Marangoni
flow from PB towards films. In their experiment [73] however, still, a decrease
in the drainage rate is observed in the illuminated region. They interpreted
that the reduced drainage has a different cause. According to Darcy’s law,
the driving force for the drainage of liquid in the foam is resultant of gravity
and capillar pressure gradient: ρg − ∇Pc. In the illuminated region, the
surface tension of PBs decr ases, resulting in the surface tension gradients
between the illuminated and non-illuminated regions. This capillary pressure
gradient in the PB causes the slowing down of the drainage rate. The setup
of UV exposure on foams in the container along with a comparison of the
non-illuminated and illuminated foam drainage rate is shown in Fig. 22.c.
and d.
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6. Combination of PBs, nodes, film, and Marangoni flow
There are certain studies focused on the fluid flow in the foam elements’
combinations. Anazadehsayed et al. [74] made a 3D numerical model of
interior and exterior PBs combined with films and transitional regions in-
cluding recirculation Marangoni flow and its effect on the flow of PB. It is
found that for the mobile interfaces, Marangoni counter-flow velocity is in
the same order of magnitude of flow velocity in PB, while for rigid inter-
faces, the Marangoni flow velocity is one order of magnitude smaller than
flow velocity in PB. The geometries and qualitative velocity profiles of 3D
interior and exterior PB-film are shown in Fig. 23. In other studies [75, 76],
the exterior and interior PBs, and their nodes are combined. The integrated
geometries are shown in Fig. 25.a and 25.b. The results of dimensionless
velocity versus Bo and its correlation are shown in Fig. 24. Previous stud-
ies [31, 33] were focused on a single PB which overestimate the velocity of
interfacially mobile PB with lower Boussinesq number. The reason is that
in the foams with mobile interfaces, the flow is node-dominated. Hence, the
realistic velocity will be less than the velocity of single PB for mobile in-
terfaces. Accordingly, the previous analytical correlation of Nguyen [33] for
obtaining the dimensionless velocity of interior PB by Bo is modified from
U˜ = a×Bo−1/2c+Bom +0.020 with a = 0.0655, c = 0.209, andm = 0.628 to U˜ = a+ b(Bo)m+c
with a = 0.14, b = 0.27, c = 0.22, andm = 0.59 as constants. Furthermore, they
[76] combined two dimensionless parameters of Bo and scaled film thickness
w˜ together: Λ−1 = Bo+w˜. Then, they collapsed all the dimensionless veloci-
ties and hydraulic resistances of the node-PBs with different film thicknesses
in master curves. Hence, the flow characteristics can be found according to
the combined dimensionless number of Λ−1. The master curves for interior
and exterior node-PB systems are shown in Fig. 25. For the exterior PB,
it seems that the flow is always PB-dominated since the hydraulic resistance
of the exterior PB is always greater than that of the exterior node. It is due
to the presence of no-slip wall of foam container. However, for the interior
node-PB, there is a Bo number by which the flow regime switches. Note that
this Bo of the switch is dependent on the length of the PB. The graph in
Fig. 26 shows the switching Bo points versus the scaled PB length. Hence,
by referring to this graph, an estimation of the regime-switching Bo point
can be obtained.
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Figure 1: The geometries for the numerical analysis of a) the intrior and b) the exterior
foam.
tions, the 47,845 cells mesh for the interior bubble and 193,150 cells mesh for
the exterior bubblewill be used instead. The Finite Volume approach and
the Eulerian frame of reference is used for this model. For discretizing the
governing equations, the cell centred finite volume approach and SIMPLE
method is used and the discretised equations are solved iteratively. For the
continuity and momentum conservation equations, the second order accuracy
of the central differencing scheme is used. The 3D geometries are made by
the CAD software Rhinoceros 3.0, and imported into AVL FIRE 2014.0 com-
mercial software in order to make the volume meshes of the geometries using
the Fame Advance Hybrid technique. The user subroutines are written using
FORTRAN to update the boundary conditions for the surface velocity of the
air-liquid interface, the surface Marangoni flow and the surface surfactant
gradient.
3. Mathematical mode
3.1. Governing equations
The fluid in foam is Newtonian in its properties and the flow is regarded as
steady, laminar, and incompressible. The steady three-dimensional Navier-
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Figure 6: Scaled velocity profile in the cross-section of foam for a) the interior and b) the
exterior SDS foam. The velocities are scaled by the maximum velocity in the centre of
model. The length a d width are scaled by the PB’s radius of curvature R = 100µm.
area on the bubble drainage is considered for the interior and the exterior ge-
ometries with more accuracy since our model has fewer limitations and short-
comings than the single-element, two-dimensional models. Fig.6 is showing
the 3D scaled velocity field of interior and exterior foams on the gravity direc-
tion including film flow and Marangoni counter-flow. Therefore, we are able
to investigate the accurate contribution of the films and the exterior PBs in
the drainage process compared to the interior PBs for different foams. Nev-
ertheless, the macro-scale importance of the films and the exterior PBs also
depends on their relative number to the interior PBs. For films, this ratio
can be calculated, whereas for exterior PBs, it is dependent on the geometry
of the container; smaller and more narrower container result in a larger ratio
of the exterior PBs to the interior PBs. Next, the Marangoni flow, for both
the exterior and the interior PBs is investigated.
5.1. Film contribution
In order to investigate the relative significance of the flow through the
films, compared to the flow through PBs, the ratio of the velocities and their
cross-sectional areas of them must be considered. For this, the velocity ratios
are measured for different flow rates of the BSA and the SDS, the interior
and the exterior PBs with the assumption of a constant film thickness of
2.5µm. Generally, the film is disproportionately thin compared to the PB’s
thickness. Therefore, the fluid flow in the films must be smaller than the flow
10
a) b)
c) d)
Figure 23: Combined geometry of PB, film, and transitional region for the a) interior and
b) exterior bubble and their scaled velocity profiles in the cross-section of the c) interior
and d) the exterior PB-film. The velocities are scaled by the maximum velocity of PB and
the lengths are scaled by the radius of PB. Reproduced from [74].
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The graph in Fig. 4 indicates the scaled velocity of the node-PB
system with continuous lines and single PB system with dashed
lines, both with dimensionless film thicknesses of ~w ¼ 0:01. The
velocity profile of single PB is similar to the one presented by
Nguyen [15]. However, the velocity profile of the combined
node-PB system is significantly lower for low Boussinesq numbers
or mobile interfaces. To investigate the effect of node component
on the flow of foam network, the geometrical characteristics of
node and PB components of the model are compared in Table 2.
The volumes and areas are non-dimensionalized by R3 and R2,
respectively. As it can be seen, the ratio of liquid-gas interface area
to the volume of node component is less than that of PB compo-
nent. Therefore, the dependence of flow field characteristics to
the Boussinesq number is expected to be less pronounced in the
node compared to the PB. On the other hand, the ratio of film-
conjunction area to the volume of the node component is almost
half of that of the PB component. Hence, the shearing force due
to the zero-velocity boundary condition is less for the node com-
pared to the PB. However, since the flows merge and change their
direction in the node, there will be dissipation and resistance in the
node even for a perfect-slip film conjunction.
4.4. Hydraulic resistance
For further investigation, the hydrodynamic resistance of each
component of the node-PB system, C, can be expressed as C ¼ DPQ
which DP is the pressure drop along the PB and node components
and Q is the flow rate of the node-PB system. The results are non-
dimensionalized by l L A2 and shown in Fig. 5 for different
Boussinesq numbers. As it can be seen, the resistance to the flow
is generally higher in the PB component for the high Boussinesq
number owing to the velocity gradients caused by the rigid inter-
face, resulting in a PB-dominated flow regime. On the other hand,
for low Boussinesq numbers, the velocity gradients in the PB
decrease owing to its plug-like flow while the resistance of the
node component caused by the merging and mixing of the flow
overcomes the resistance of the PB, resulting in a node-
dominated flow regime. In addition, the values of the resistance
measured by Pitois et al. [16] for several surfactant materials i.e.,
TTAB (tetradecyltrimethylammoniumbromid) with semi-mobile
liquid-gas interface, TTAB + DOH (dodecanol) with rigid interface,
and TTAB + 30% Glycerol, TTAB + 40% Glycerol, TTAB + 50% Glycerol
with mobile interfaces are shown in Fig. 5. As it can be seen,
despite the fact that these measurements are obtained through
pressure drops in PB, our model is in good agreement with exper-
imental measurements of hydrodynamic resistance for PB since
their flows are PB-dominated. Also, in Fig. 5, we have found the
point where the transition between drainage regimes occurs, cor-
responding precisely to the point where the PB and node’s resis-
Table 1
Mean dimensionless velocity values for different Boussinesq number.
Bo 103 102 101 100 101 102 103
Velocity 1.35 1.1 0.74 0.36 0.22 0.15 0.149
Fig. 4. The dependence of the average velocity of node-PB and single PB systems on
the liquid-gas interface mobility.
Table 2
Geometrical comparison between PB and node components of the node-PB system
with a film thickness of ~w ¼ 0:01. The volumes and surface areas are non-
dimensionalized by R3 and R2, respectively.
Geometry Interface/volume Film conjunction/volume
PB 17.71 0.16
Node 12.76 0.09
Fig. 5. The dependence of the scaled resistance of the node and PB components of the node-PB system to the liquid-gas interface mobility. The values of several surfactant
materials’ scaled resistance measured by Pitois et al. [16] is shown by symbols.
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tances are equivalent. Note that this transition point is calculated
for our model with PB length of ~L ¼ 10. Overall, the velocity pro-
files of the flow in the node-PB system are similar to the previous
single PB model in the case of rigid interfaces or PB-dominated
regimes. On the other hand, for the case of mobile interfaces or
node-dominated regimes, the velocity profiles of the node-PB sys-
tem are significantly less than that of the single-PB system. In other
words, with the presence of a node in a drainage system of foam,
for mobile interfaces, the velocity in foam network will be con-
trolled by the dissipation in the node. Hence, overall, the graph
related to the node-PB system in Fig. 4 can be regarded as a more
realistic effect of liquid-gas interface mobility on the flow of foam
network.
4.5. Analytical approximation
For better understanding of the effect of liquid-gas interface
mobility on the flow of foam network, Nguyen [15] developed sim-
ple correlations for the dependence of the average velocity in the
single PB to the Boussinesq number, which obtained by asymptotic
analysis of his numerical data. The correlations include the square
of the radius of the cross section of the PB, the pressure gradient or
driving force, and the Boussinesq number. The next purpose of this
paper is to update and develop the Nguyen’ [15] correlations by
including the node into the system. For extreme rigid interfaces
in the limit of rigid wall, the scaled average velocity of the node-
PB system assumes a constant value of
~U ¼ 0:14 ð3Þ
and for extreme mobile interfaces in the limit of slip wall, this
assumes a constant value of
~U ¼ 1:37 ð4Þ
For the intermediate mobility, the numerical results can be
described by the following equation:
~U / ðBoÞ0:59 ð5Þ
Asymptotic correlations and the fitting equation described by
Eqs. (3)–(5) are all shown in Fig. 6. Finally, a simple form of equa-
tion to describe the average velocity profile for all the Boussinesq
numbers is obtained and demonstrated below:
~U ¼ aþ bðBoÞm þ c ð6Þ
where a; b; c, and m are constants to adapt the limit cases of the
Boussinesq number. The constants found to be
a ¼ 0:14; b ¼ 0:27; c ¼ 0:22, and m ¼ 0:59, resulting to a relative
error of less than 2%. The obtained analytical approximation of
our numerical data in Eq. (6), accompanied by the qualitative illus-
tration of flows in Fig. 3 and graphical descriptions of flows in Fig. 4
and 5 can be used for creating a more accurate fluid dynamics
model involving the PB and node components.
5. Conclusion
This paper reports an investigation of the flow in the node-PB
system. The liquid velocity was obtained by solving the three-
dimensional momentum and mass conservation equations by
numerical computational methods. For the flow in the node and
PB, our model has good experimental support [10,16]. The flows
in the node component for different orientations are illustrated
qualitatively. Furthermore, the effect of liquid-gas interface mobil-
ity on the foam’s flow are investigated and Nguyen [15] and Koeh-
ler et al.’s works [9,10,12] are developed. Our results show that the
available numerical results for the velocity of PB system have over-
estimated the flow for the mobile interfaces. To make sure, the
components of the node-PB system are compared geometrically.
Also, the resistance against the flow is calculated for the node
and PB components of the node-PB system. The results show the
dependence of the resistance on the liquid-gas interface for each
component in addition to the exact transition point where the
resistance of the node overcomes the resistance of the PB resulting
in a flow regime switch from PB-dominated to the node-
dominated. Finally, an updated asymptotic correlation is made
for the scaled velocity versus Boussinesq number in the node-PB
system. Aside from the calculating the flow through the exterior
node-PB system, future work may include the effect of film thick-
ness on the flow characteristics of the node-PB system.
References
[1] A. Anazadehsayed, J. Naser, A combined CFD simulation of plateau borders
including films and transitional areas of liquid foams, Chem. Eng. Sci. 166
(2017) 11–18.
[2] V. Carrier, S. Destouesse, A. Colin, Foam drainage: a film contribution?, Phys
Rev. E 65 (2002) 061404.
[3] S.J. Cox, G. Bradley, S. Hutzler, D. Weaire, Vertex corrections in the theory of
foam drainage, J. Phys.: Condens. Matter 13 (21) (2001) 4863.
[4] D. Desai, R. Kumar, Flow through a plateau border of cellular foam, Chem. Eng.
Sci. 37 (9) (1982) 1361–1370.
[5] M. Duran , D. Langevin, Physicochemical approach to the theory of foam
drainage, Eur. Phys. J. E: Soft Matter Biol. Phys. 7 (1) (2002) 35–44.
[6] M. Durand, G. Martinoty, D. Langevin, Liquid flow through aqueous foams:
from the plateau border-dominated regime to the node-dominated regime,
Phys. Rev. E 60 (1999) R6307–R6308.
[7] A. Hirsa, J.M. Lopez, R. Miraghaie, Determination of surface shear viscosity via
deep-channel flow with inertia, J. Fluid Mech. 470 (1) (2002) 135–149.
[8] S. Koehler, S. Hilgenfeldt, H. Stone, A generalized view of foam drainage:
experiment and theory, Langmuir 16 (2000) 6327–6341.
[9] S. Koehler, S. Hilgenfeldt, H. Stone, Foam drainage on the microscale: I.
modeling flow through single plateau borders, J. Colloid Interface Sci. 276 (2)
(2004) 420–438.
[10] S. Koehler, S. Hilgenfeldt, H. Stone, Foam drainage on the microscale: II.
Imaging flow through single plateau borders, J. Colloid Interface Sci. 276 (2)
(2004) 439–449.
[11] S.A. Koehler, S. Hilgenfeldt, H.A. Stone, Liquid flow through aqueous foams: the
node-dominated foam drainage equation, Phys. Rev. Lett. 82 (1999) 4232–
4235.
[12] S.A. Koehler, S. Hilgenfeldt, E.R. Weeks, H.A. Stone, Drainage of single plateau
borders: direct observation of rigid and mobile interfaces, Phys. Rev. E 66
(2002) 040601.
[13] A.M. Kraynik, Foam flows, Annu. Rev. Fluid Mech. 20 (1988) 325–357.
[14] R. Leonard, R. Lemlich, A study of interstitial liquid flow in foam, AIChE J. 11 (1)
(1965) 18–24.
Fig. 6. Comparison of the correlations for the scaled average velocity in the node-PB
system versus the Boussinesq number. The red points and curve show the
numerical data and Eq. (6), respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Figure 24: a) Comparison of the dependence of the average velocities of a node-PB a d
a single PB systems on the interfacial mobility. b) The correlation for the scaled average
velocity of the flow in the node-PB versus the Boussinesq number. Reproduced from [75].
7. Foams with Non-Newtonian fluid
To date, most of the investigations on foam drainage were focused on
foams made by Newtonian fluids whereas little effort has gone towards the
physics and theory of foams made by non-Newtonian fluids. Recently, poly-
mers are being used as a foam stabilizer [77] in different applications such
as reservoir recovery in petroleum industry [78] or improving hair coloring
foam [79]. Adding polymers to the foam normally increases the bulk and
surface viscosity and also decreases the drainag rate signific n ly. The most
of he polymer us d in foam making applications are shear thinning non-
Newtonian fluids, their viscosity of which decrease with increases in the shear
rate. In theory, their viscosity follows Ostwald-de Waele equatio :
µeff = kγ˙n−1 (15)
Where n is the flow behavior index, γ˙ is the shear rate, and k is the flow con-
sistency index. So far, no study has investigated foams with non-Newtonian
fluids at a microscale level. However, Arjmandi-Tash et al. [80] made a math-
ematical model of free drainage of foam with polymeric Aculyn 22 (A22) and
Aculyn 33 (A33) solutions.They [80] calculated the average velocity of flow
in a cross-section of PB.
V = n
3n + 1 1pi1/2+1/(2n) (dpdz 12k )1/nA1/2+1/(2n) (16)
They[80] also measured polymeric foams rheological parameters which is
shown in Fig. 27. Bureiko et al. [81], investigated the A22 and A33 poly-
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mean curvature through PBs.Since the four PBs and their resulted
node, shown in Fig. 1, have twofold symmetry, the following gov-
erning equations are to be only solved for half of the geometry
which is shown as either right or left side of the geometry.
3. Governing equations
The 3D Navier-stoke equation, qðU  rÞU  lr2U ¼ rpþ qg,
along with continuity equation, r  U ¼ 0, is solved for the Newto-
nian, steady, laminar, and incompressible flow. The symmetry
boundary condition in the cut surface of geometry and zero-
velocity boundary condition in the conjunction of geometry with
container’s wall are applied. the prominent difference between
the boundary conditions of the interior node-PB [30]and this
paper’s exterior node-PB systems is the existence of a no-slip solid
wall of the foam container on which the exterior node-PB system is
attached. Moreover, the most important boundary condition is the
liquid-gas interface, ls
@2ut
@t2
þ l @U
@n ¼ 0, which can be described by
the coupling of the surface and bulk layers. The coupling of surface
and bulk viscosity is described better by Bo ¼ lslR, the dimensionless
Boussinesq number, which indicates the liquid-gas interface
mobility. Large numbers of Boussinesq number means rigid
liquid-gas interfaces and small Boussinesq number means mobile
liquid-gas interface. In the above equations, U is the velocity of
fluid, n is normal direction and t is the tangential direction to the
liquid-gas interface, ut is the surface velocity of fluid in the tangen-
tial direction, l is the bulk viscosity, and ls is the surface viscosity.
The conjunction of geometry with films is considered as a zero-
velocity boundary condition. The experimental and numerical
investigations show that due to the surface surfactant gradient
and resulted surface tension gradient, there is a circulation
Marangoni-induced flow in the film attached to the PB and node
which stabilize the film [31,32]. The circulation flow is in gravity
direction in the center of film and in the reverse to the gravity
direction near the edge of the film. The connection of the gravity
direction flow of node-PB and reverse flow of Marangoni flow in
the attached film thickness will have a zero-velocity region. This
region is considered as the conjunction of the node-PB system with
the film with zero-velocity boundary condition.
The more detailed boundary conditions, numerical methods,
and used softwares can be studied in [29,30] for further details.
4. Results and discussion
For the purpose of non-dimensionalization, the quantities of
lengths are scaled by the transverse radius of curvature of R, the
velocities of the exterior node-PB system by
mc ¼ A G l1  d1ex , the velocities of the interior node-PB sys-
tem by mc ¼ A G l1  d1in , the PB resistance by l L A2,
and node resistance by l R3. Where A is the cross-section area
of inlet exterior or interior PB, L is the length of PB, G ¼ q g is
the gravity force in the system, l is the bulk viscosity of liquid,
and dex ¼ 0:43 and din ¼ 0:16 [20] are the constants relating the
cross-sectional areas of exterior and interior PB to their radius of
curvatures, respectively. Rescaled quantities carry the superscript
of .
4.1. Velocity of exterior node-PB
It should be mentioned that the mean dimensionless velocity of
the node-PB system is of main interest for its use in macroscale
drainage equations. Therefore, from now on, we will call the mean
dimensionless velocity as velocity. The effect of the Boussinesq
number as the indicator of the interfacial mobility on the velocity
of the interior node-PB system has been previously investigated
[30]. It is discussed that taking account of the interior node compo-
nent into the foam drainage restricts the velocity range in the
mobile interfaces due to the node-dominated flow regime. Here,
for the first time, we analyze the flow characteristics of the exterior
node-PB system in three dimensions. In addition, the effect of the
scaled film thickness, ~w, on the flow characteristics of the exterior
node-PB system will be discussed. Fig. 2 shows the monotonous
decrease of velocity of the exterior node-PB systemwith increasing
Boussinesq number. Apparently, if we compare the velocity values
of the exterior node-PB system in Fig. 2 with the corresponding
Fig. 1. The geometry of the exterior foam including one red-colored node and three blue-colored exterior PBs, and one interior PB protruding towards the center of foam
container. One half of the geometry, either right or left side, is considered for solving the equations. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Symmetry cut surfaces of Fig. 1
Static Pressure inlet and outlets of Fig. 1
ls
@2ut
@t2
þ l @U@n ¼ 0 Liquid-gas interface [9,7]
U ¼ 0 Conjunction with films
The first boundary condition represents the symmetry of the
flow across the symmetry cuts as shown in Fig. 1. The second
b u dary co dition represents the static pressure in the inlet
and the outlets of geometry. The inlet is located on the top of the
incoming PB while there are three outlets that branch out from
the node with the angle of 109.5 degrees from each other. The
stress balanc at the interface of liquid and gas gives the third
boundary condition. n and t are the orm l and tangential direc-
tions to the liquid-gas interface respectively. l is the bulk viscosity
and ls is the surface viscosity. The coupling of surface and bulk
flow can be better described by the dimensionless Boussinesq
number, Bo, which is related to the ratio of the surface viscosity
to the bulk viscosity, Bo ¼ lslR. The last boundary condition is the
zero velocity assumption at the edges of model connected to the
films. Experiments have shown that there is a circulation in the
films due to the Marangoni flow [17]. The flow is in the inverse
direction to the gravity near the edge of film and bulk of PB-node
and sa e direction as gravity i the centre of the film. For simpli-
fication, the Marang i flo s neglected in this study and the zero
velocity is assumed in the conjunction of the model with films. The
Finite Volum approach and the Eul rian frame of reference are
used for this model. The cell centred finite volume approach and
SIMPLE method are used for discretizing the governing equations
and the discretized equations are solved iteratively. The second
order accuracy of the central differencing scheme is used for the
continuity and momentum conservation equations. Further details
of used softwares, grid independency, and numerical procedures
can be found in the methodology section of our previous paper [1].
4. Results and discussion
4.1. Validation
The flow in PBs of the current model has been validated before
[1] against existing experimental results of Koehler et al. [10]. The
same interfacial and geometrical characteristics are used in this
study. Further experimental results of flow in the node component
of foam measured by Koehler et al. [10] are used to compare with
our numerical results. They obtained the velocity field of the BSA
interior node by tracing the particles in the direction of inlet PB,
Z direction, and transverse to it, X direction. The flow is coming
from the region Z  0 and flowing out at X 6 160 lm and
Z P 100 lm. The simulated surface velocity fields in the Z direc-
tion are shown in Fig. 2a and 2c, while the X direction velocities
are shown in Fig. 2b and 2d along with Koehler et al. [10] experi-
mental measurement. As it can be seen, the model is in a good
agreement with experimental measurements. The discrepancies
between the experimental and our simulation results are mostly
related to the minor deviation in the inset location on the model,
where the simulated velocities are compared with the experimen-
tal ones.
4.2. Qualitative description
Since the flow in the model is not axial and also there are unlim-
ited orientations for a node, several Z-cut profiles of velocity and
streamlines of the BSA node in two cases are shown in Fig. 3 to dis-
play the laminar non-mixed flow pattern. In the first case, the inlet
PB branches into three PBs, shown in Fig. 3a with flow q1 entering
and q2; q3, and q4 exiting the node. It can be seen that the maxi-
mum velocity in the inlet is almost three times the velocity in
the outlets since the flow in the incoming PB branches into three
PBs. However, this is the case when the inlet PBs are aligned with
the gravity direction. Changing the orientation of geometry results
in a different ratio of velocities. In the second case, two incoming
PBs merge, mix, and divide into two exiting PBs, shown in Fig. 3b
with flows q1 and q2 entering into the node and emerging as q3
and q4.
4.3. Velocity of interior node
Different surfactantmaterials result in different interfacial shear
viscosity and consequently different surfacemobility. In Table 1 the
dimensionless velocities of the node-PB system is shown for
different Boussinesq numbers. For the simplicity’s sake, quantities
of the lengths are scaled by the transverse radius of curvature
of R, the velocities by the characteristic velocity scale of
Fig. 1. The geometry of the interior node-PB including the red-coloured node component and the blue-coloured PB component. The black curves show the symmetry cuts in
the geometry. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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velocity values of the interior node-PB system in the literature [30],
the former value is one order of magnitude smaller than the latter
value. In addition, the exterior node-PB system is less affected by
the changes in Boussinesq number compared to the interior
node-PB system [30]. The different drainage behavior of the exte-
rior node-PB system can be attributed to the viscous effect of the
no-slip wall. Regarding the effect of the attached film thickness,
the calculations are performed for three scaled film thicknesses
of ~w = 0.01, 0.05, and 0.1. The velocities decrease with increasing
film thickness for the exterior foams. This can be due to the
increase in the area of conjunction with the film that has a zero-
velocity boundary condition.The Furthermore, it is discussed that
the velocities of the interior node-PB system were restrained near
the low Boussinesq numbers compared to the single PB system
[30]. However, it seems that the velocities of the exterior node-
PB system have no significant discrepancy with the velocity pro-
files of the single exterior PB system of Koehler et al. [20].
Following the work of Koehler et al. [20], in order to obtain the
dimensionless velocity of a node-PB system from a single curve,we
developed an analytical argument to describe the dependence of
the dimensionless velocity of the exterior and interior node-PB sys-
tems on both the interfacial mobility and film thickness together.
Here, we combined Boussinesq number as representative of inter-
facial mobility and dimensionless film thickness to get another
dimensionless value of K1 ¼ Boþ ~w. We used the K1 as repre-
sentative of both the film thickness and interfacial mobility to rear-
range and resketch the available dimensionless velocities of the
systems with various film thicknesses into master curves. Hence-
forth, the dimensionless velocity of any node-PB system with cer-
tain interfacial mobility and film thickness can be found from these
curves. Fig. 3 shows the dimensionless velocities versus K1 for dif-
ferent film thicknesses in symbols that collapse well in a master
curve.
4.2. Hydraulic resistance of exterior node-PB
To get more insight on the microscale drainage mechanisms, we
analyzed each element of the node-PB systems separately by calcu-
lating their hydraulic resistance, C ¼ DPQ , where DP is the pressure
drop along each element and Q is the flow rate of the node-PB sys-
tem. First, shown in Fig. 4, we investigated the dependence of the
hydraulic resistance of PB component of the exterior node-PB sys-
tem to the interface mobility and attached film thickness. As it is
discussed in the literature [30], the changes in the Boussinesq
number and film thickness have a significant effect on the hydrau-
lic resistance of interior PB. However, this is not the case for the
Fig. 2. The dependence of the velocity of the exterior node-PB system on the
interfacial mobility for different film thicknesses. The case for the interior node-PB
system has been analyzed before [30].
(a) (b)
Fig. 3. Dimensionless veloci ies for differe film thicknesses of (a) xterior and (b) interior ode-PB systems. The velocity values for different film t icknesses are shown in
symbols and the approximation is shown by the solid curve.
Fig. 4. The dependence of the scaled hydraulic resistance of exterior PB component
of node-PB system on the interface mobility for different film thicknesses. The case
for interior node-PB system is analyzed before [30].
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Figure 5: The dependence of the hydraulic resistances of the a) exterior and
b) interior PB to Λ−1. The resistance values for different film thicknesses are
shown in symbols and the approximation is shown by the solid curve.
Λ−1 10−2 10−1 100 101 102 103
Interior node-PB Velocity 1.4 0.9 0.5 0.25 0.17 0.15
Exterior node-PB Velocity 0.110 0.080 0.065 0.055 0.050 0.050
Interior PB resistance 0.02 0.90 3.71 9.0 10.1 11.0
Exterior PB resistance 80 97 134 190 200 228
Table 1: Interior and exterior node-PB velocities and PB hydraulic resis-
tances for different combined factor of Λ−1
and film thickness together on the dimensionless resistances of the exterior
and also interior PBs, the combined dimensionless factor of Λ−1 is used again.
As it can be seen from the results, shown in Fig. 5, the PB resistances for
different film thicknesses, shown with symbols, collapse well. The approxi-
mation of results is shown with a solid curve. Note that the node resistance,
shown in Fig. 6 is almost independent of the interfacial mobility since it is
mainly resultant of the merging and mixing of flows.
Overall, the values of velocities of the node-PB systems and resistances
of PBs are listed for different combined dimensionless factor of Λ−1 in table
1. The node resistance value seems to be independent of interfacial mobility
as it will be discussed in 4.3.
4.3. Validation
The flow velocities and hydraulic resistances in the PBs of our model have
been previously validated [29, 30] against experimental results of Koehler et
a) b)
c) d)
e) f)
Figure 25: The geometry of an a) exterior node-PB and b) interior node-PB including the
red-colored node component and the blue-colored PB components. The black curves show
the symmetry cuts. Dimensionless velocities for the c) exterior node-PB and d) interior
node-PB and dimensionless hydraulic resistance of the e) exterior node-PB and f) interior
node- PB for different film thicknesses. The numerical values are shown with symbols and
the approximations are shown by solid curves. Reproduced from [75, 76].
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4.4. Drainage regime switching points
As previously discussed, Saint-Jalmes et al. [24] showed the
dependence of the foam’s drainage regime to the interface mobility
with macroscale experiments. Here, we obtained the Boussinesq
number value of transition point where the PB-dominated regime
switches to the node-dominated regime by direct microscale ana-
lyzation and comparison of the node resistance with PB resistance.
However, the used scaling factors for the node and PB resistances
are different; the factor for scaling the node resistance is l R3
while the factor for scaling the PB resistance is l L A2. To com-
pare the node and PB resistances, firstly, their values are scaled by
a common factor of l A3  R3. Secondly, the interface mobility is
presented with Bo dinR2A
 
for the interior node-PB system and
Bo dexR2A
 
for the exterior node-PB system. Note that these used
interfacial mobility values are equal to Boussinesq number in the
case of zero film thickness foam. Thirdly, the results of the rescaled
hydraulic resistance for each component of the interior and exte-
rior node-PB systems, shown in Fig. 7, are calculated by assuming
scaled PB length of ~L = 10. It can be seen that for the exterior node-
PB system, the PB resistance is always larger than the node resis-
tance. Hence, it can be deduced that due to the large viscous effect
of the attached no-slip wall, the flow in exterior foam is always PB
dominated for any given value of Boussinesq number. However, for
the interior node-PB system with thin film thicknesses, there is an
intersection of the node and PB resistance where PB-dominant flow
regime switches to node-dominant flow regime. Although, increas-
ing the film thickness results in the tendency of flow to be more
PB-dominated. For instance, in the case of ~w = 0.1, the flow regime
is totally PB-dominated for all the surface mobilities since the
resistance of PB is higher than the resitance of node.
The data shown in Fig. 7 represents the systems with ~L = 10,
which means that the ratio of the length of PB to its transverse
radius of curvature is 10. To further investe the switching points
of the PB resistance dominance to the node resistance dominance
for interior node-PB system, for a constant film thickness of ~w =
0.01, we plotted the Boussinesq number of the switching points
against the PB length ~L. As shown in Fig. 8, for the domain values
of ~L from 1 to 50, the Boussinesq number values of switching
points range from 101 to 103. Hence, with the help of Fig. 8,
we can estimate where the flow regime changes.
(a) (b)
Fig. 7. Common-factor scaled hydraulic resistances of the (a) exterior and (b) interior node and PB elements versus interfacial mobility.
Table 1
Interior and exterior node-PB velocities and PB hydraulic resistances for different combined factor of K1.
K1 102 101 100 101 102 103
Interior node-PB Velocity 1.4 0.9 0.5 0.25 0.17 0.15
Exterior node-PB Velocity 0.110 0.080 0.065 0.055 0.050 0.050
Interior PB resistance 0.02 0.90 3.71 9.0 10.1 11.0
Exterior PB resistance 80 97 134 190 200 228
Fig. 8. Flow regime switching points of Boussinesq numbers versus scaled PB
length.
A. Anazadehsayed et al. / Journal of Colloid and Interface Science 511 (2018) 440–446 445
Figure 26: Depende ce of switching Bo points of flow regime on PB length. Reprinted
from [76].
O. Arjmandi-Tash et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 521 (2017) 112–120 119
Fig. 6. Comparison of the predicted time evolution of the average liquid volume fraction along the foam height, ϕ, with experimental data for a) A22 1.0% 1.3 M,  b) A33 1.0%
0  M and c) A33 1.5% 0 M.
Table 2
Characteristic values of polymeric solutions and their foam drainage. The ﬁrst four values, k, n,  and Rb are extracted from the experimental data. The second seven values,
Bo,  c, ˛n , z0, t0, cr and ϕt are calculated according to Eqs. (20), (5), (16), (18), (32) and (39) respectively.
Foaming solutions k (Pa sn) n (−)  (N/m) Rb (m) Bo (−) c (−) 	n (−) z0 (m)  t0 (s) cr (−), (m)  ϕt(−)
A22 1.0%1.3M 0.7102 0.402 0.038 0.00139 3.003 0.334 20.575 0.00197 38.449 20.976−24.973,0.041−0.049 0.67−0.72
A33  1.0%0M 0.3761 0.535 0.030 0.00131 3.358 0.408 31.033 0.00175 13.115 19.837−23.617,0.035−0.041 0.73−0.78
A33  1.5%0M 1.7246 0.437 0.027 0.00158 5.435 0.358 22.916 0.00166 316.148 15.593−18.564,0.026−0.031 0.80−0.83
there is no collapse for the foams examined here. Our calculations
according to Eq. (39) suggest a value of roughly 0.0001 for the crit-
ical liquid volume fraction ϕcr within the foams produced from the
polymeric solutions used in our experiments.
Fig. 4 shows calculated results on the time evolution of liq-
uid volume fraction, ϕ, over the foam height, , for “A33 1.0% 0M”
solution. In this ﬁgure  = 0 is the top of the foam and ϕi = 0.2939,
according to the experimental data. In the very beginning of the
drainage the liquid volume fraction varies only at the top and bot-
tom of the foam, whereas in the middle part of the foam the initial
value is retained. The interface between the foam and polymeric
solution at the bottom is moving up during the drainage. This
decrease of the foam height is very fast in the early stage of the
drainage; however, reduction of the foam height and the proﬁle of
the liquid volume fraction approach a steady state over time.
Comparison of the predicted and experimental time evolution
of the height of the foam, 2- 1, and average liquid volume frac-
tion, ϕ, is shown in Figs. 5 and 6, respectively for different polymeric
solutions. As expected, for all polymeric solutions the foam height
and the average liquid volume fraction decrease dramatically in the
beginning of the drainage and after some time they reach a plateau.
As can be seen in Figs. 5 and 6, the predicted values are in a quanti-
tative agreement with the measured experimental data (R2 > 0.85)
especially for lower viscous non-Newtonian solutions. However, in
the case of “A33 1.5% 0M”  solution, which has the highest k value
(k = 1.7246 Pa sn), there is a deviation between the theoretical pre-
dictions and experimental results at the initial stage of the drainage
(see Figs. Fig. 55(c) and Fig. 66(c)). The latter can be attributed
to the assumption of immobile surface of the Plateau border and
Poiseuille-like ﬂow. It seems that in the case of “A33 1.5% 0M”  solu-
tion (the highest viscosity), the surface of Plateau border cannot
be considered as completely immobile at the initial stage of the
drainage, when the tangential stress at the surface of Plateau border
is the highest, and some mobility at the surface of Plateau border
cannot be neglected. According to Ref. [29] elongational proper-
ties of the polymeric solution can also affect the foam drainage.
It was  found that the rate of the drainage increases by increasing
the elongational viscosity of the solutions. This inﬂuence can be
Figure 27: Parameters non-Newt nian polymeric solut ons and their foam dr inage.
[80].
meric foams in greater depth. They[81] showed that the addition of salt
decreases t e bulk viscosi y nd surface vi coelastic modulus of solutio s
of b th A22 and A33 polyme ic foams. Meanwhile, increasing the polymer
concentration increases their bulk viscos ty and surface viscoel stic modu-
lus. More v r, th y [81] discuss that some chara teristic values of polymeric
foams are significantly different from the surfactant foams such as SDS; the
diffusion coefficient of polymer foam is one order of magnitude smaller, the
surface viscoelastic modulus is one order of magnitude higher, and the bulk
viscosity is around two orders of magnitude higher than those of SDS sur-
factant foam. Hence, they[81] concluded that the flow in polymeric foam is
mainly controlled by the bulk viscosity. Hence, the surface shear viscosity
and surface dilational surface viscosity have little effect on the drainage of
the polymeric non-Newtonian flow. In addition, they estimated that liquid-
gas interface is rigid and the flow in the PB will be Poieuile-like. The bulk
viscosity values of polymeric foams and their dependence on shear rate are
shown in Fig. 28. In another study, Safouane et al. [82] studied the effect
of adding non-Newtonian polymers to the foams that are already stabilized
by surfactants. They discussed that by adding polymers to surfactants, the
changes in drainage properties are negligible. As it is shown in Fig. 29,
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Figure 28: The dependency of viscosity of non-Newtonian a) A22 and b) A33 solutions on
shear rate. Reproduced from[80].
drainage of foams made from Newtonian solutions and non-Newtonian solu-
tions with shear thinning polymer are similar if the actual viscosity inside the
foam can be obtained. Moreover, surprisingly, they [82] reported that foams
containing non-Newtonian solutios of long flexible polymers (PEO) drain
faster than foams with Newtonian solutions with the same bulk viscosity.
This is probably due to the higher elongational viscosity of foams containing
solution with long polymers. They suggested that elastic properties of fluid
modify the geometry of the PB and node and consequently change the ve-
locity of flow in this foam [82]. Another appearance of non-Newtonian fluid
characteristics in foam was in the study of Gauchet et al. [83]. They[83]
conducted the forced drainage experiment on SDS surfactant foam with dif-
ferent bubble size. The Fig. 30 shows the drainage exponent as a represen-
tation of drainage regime ( lower exponents represent node-dominant ergime
while higher exponents represent PB-dominant regime) versus bubble size.
Two different drainage regime transitions are observed for different bubble
sizes; once when the bubble size increases, therefore, Bo decreases and subse-
quently, results in a PB-dominated regime to node-dominated regime switch.
The other transition is when the bubble size decreases. First, they tried to
relate the latter transition to the Marangoni flow. However, they concluded
that in the very small bubbles, SDS foams show non-Newtonian character-
istic; by decreasing the bubble size, the local shear rate increases and the
surface shear viscosity decreases, therefore, Bo decreases and subsequently,
results in a PB-dominated regime to node-dominated regime switch. Hence,
the drainage regime transition is related to non-Newtonian characteristics of
foam when the bubble size is very small.
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M. Safouane et al.: Viscosity eﬀects in drainage 199
Fig. 3. Plateau border permeability Kc, normalized by the
permeability of foams made with a TTAB/DOH solution of
viscosity µ = 1 mPa.s, as a function of bulk viscosity µ.
The foams are made with solutions containing either glycerol,
Carbopol, Xanthan and PEO.
liquid fractions and liquid velocities v at each concentra-
tion, it is possible to determine the PB section r (using
r = c2D
√
ε), the shear rate γ˙ within these PBs (γ˙ ∼ v/r),
and thus ﬁnally the eﬀective viscosity from the curves of
Figure 1. We ﬁnd that the local shear rates γ˙ in the foam
are in the range 3 to 8 s−1. Once plotted as a function of
these eﬀective viscosities (Fig. 2), we ﬁnd that the results
for the Carbopol coincide well with the data for the glyc-
erol solutions. Consequently, the Carbopol permeability
data fall on the same curve than the glycerol data (Fig. 3).
This shows that our estimation of the eﬀective shear rates
(and thus viscosity) inside the foam are correct, and that
the shear-thinning behaviour of Carbopol solutions does
not change the physical mechanisms of drainage.
4.3 Solutions with Xanthan
Xanthan solutions have a more pronounced shear-thinning
behaviour than Carbopol solutions. For the three lowest
concentrations of Xanthan, the forced drainage curve ex-
ponent is close to 0.5: α = 0.48 ± 0.02. We calculated
and reported in Figures 2 and 3 the quantities V 2f /Vs
and Kc, using eﬀective viscosities deduced from the local
shear rates (as for the Carbopol solutions). Here again, the
Xanthan results are close to those for glycerol and
Carbopol. For the highest concentration of Xanthan, c =
0.3 g/L, we have found an exponent α = 0.35, as for
glycerol with x = 70%. Here the local viscosity is µ =
15 mPa.s. Using equation (2), we have calculated a node
permeability Kn = 10.5×10−3, close to that measured for
glycerol. Again therefore, the shear-thinning behaviour of
the foaming solution does not change the drainage mech-
anisms.
Fig. 4. Drainage front velocity as a function of the surface
ﬂowrate Vs = Q/S, for bubbles with diﬀerent diameters (0.5, 1,
2 and 4 mm) with glycerol (open symbols) and PEO solutions
(full symbols). In the ﬁrst case the percentage of glycerol is
x = 45%; in the second, the concentration of PEO is c = 3 g/L
(Mw = 10
6 g/mol). Both solutions have the same shear vis-
cosity, µ ≈ 4.6 mPa.s. The arrow indicates the increase of the
bubble size.
4.4 Solutions with PEO
For all the solutions containing TTAB, DOH and PEO,
the exponents from the drainage curves are close to 0.5.
So, it is here also relevant to look at the variation of V 2f /Vs
with of 1/µ. As for the other solutions, we take an aver-
age value over typical local shear rates found in the foam.
For the smallest PEO molecular weights, drainage veloci-
ties are close to those for glycerol-water mixtures with the
same µ. However, for larger molecular weights (thus higher
viscosities), the behavior of the PEO solutions is signiﬁ-
cantly diﬀerent, and the drainage is faster than for all the
other solutions having the same bulk viscosity (Fig. 2).
This translates into diﬀerences in permeability Kc (Fig. 3):
for PEO, Kc can be twice as large as that for Newtonian
or shear-thinning ﬂuids.
In order to ﬁnd the origin of these diﬀerences, we have
varied the bubble diameter. Changing the bubble size is
a way to change the average ﬂow velocity, and therefore
to change local hydrodynamic stresses (both shear and
elongational) in foams. Note that the foam liquid fraction
above the front also changes, from 0.7% (for the largest
bubbles and the smallest ﬂow rates) to around 20% (for
the smallest bubbles, and largest ﬂow rates, just before the
occurrence of convective instabilities). We have selected 2
solutions having the same bulk viscosity (µ = 4.6 mPa.s):
a 45% glycerol solution and a 3 g/L PEO solution with
Mw = 10
6 g/mol. The bubble diameter is then varied
from 0.5 to 4mm (Fig. 4). For the smallest bubbles, the
PEO-based foams always drain faster than the glycerol
based ones. However, the diﬀerence between drainage ve-
locities continuously decreases as the bubble diameter is
increased, and ﬁnally vanishes for the largest bubbles,
D = 4 mm.
Figure 29: Dimensionless permeability of Newtonian Glycerol foam and foam contain-
ing a surfactant and different shear-thinning polymers of Xanthan, Carbopol, and PEO.
Reproduced from [82].
4. Discussion
Fig. 3 shows themeasured exponents a for SDS and SDS + dodec-
anol. The data for large bubbles is taken from Ref. [4] for which the
SDS and dodecanol concentrations were somewhat higher than in
the present study, 10 g/l and 0.1 g/l respectively. The data for
SDS–dodecanol and small bubbles is from the present study. In
the case of SDS solutions, the values of a are compatible with those
of Ref. [4].
Fig. 3 clearly shows the two drainage transitions between rigid
and ﬂuid interface conditions: one is observed upon increasing
bubble size, and can be explained by considering the Boussinesq
number B as explained in the introduction. The second transition,
observed upon decreasing the bubble size could correspond to
the Marangoni number M. Let us recall that for insoluble layers
[14]:
M ¼ ER
gDS
ð1Þ
and for soluble layers
M ¼ ERc
gD
ð2Þ
with
c ¼ C
C
dC
dC
 
eq
ð3Þ
By comparing Eqs. (1) and (2), one sees that soluble layers behave as
if they had an effective elastic modulus: Eeff = E c DS/D.
Let us transform Eq. (2) using the deﬁnition of the modulus E:
E ¼ C dr
dC
¼ C
C
dr
dC
dC
dC
¼ 1
c
dr
d lnC
¼ 1
c
kBTC ð4Þ
Here, we have used the Gibbs equation relating he surfac concen-
tration C to the derivative of the surface tension r with respect to
bulk concentration, valid for a surfactant concentration below cmc:
C ¼ 1
kBT
dr
d lnC
ð5Þ
It follows that:
M ¼ kBTCR
gD
ð6Þ
Let us estimate the value ofM taking kBT = 41021 J,C = 21018 -
molecules/m2, R = 100 lm, g = 1 mPa s, D = 4 1010 m2/s. One ﬁnds
M 106, ug esting that whatever the bubble size, the surface con-
ditions should be of the rigid-type for surfactant concentrations
below cmc.
In foams in practice, the surfactant concentration is always
above cmc, in which case Eq. (4) no longer applies. The Gibbs equa-
tion is still valid, but using for C the surfactant monomer concen-
tration Cmono instead of the total surfactant concentration. Since
Cmono remains approximately constant and equal to the cmc, the
surface concentration C and the modulus E do not change much
with bulk concentration either, while c becomes very small and
close to zero. It is then possible that, according to Eq. (2), M
becomes small and the surface conditions become of the ﬂuid-
type. This would be consistent with the fact that at small and large
bubble sizes, the ﬂuid conditions are observed (Fig. 3). However, if
the Boussinesq number remains large, the rigid conditions will pre-
vail for small bubbles, even if the Marangoni number is small.
The only possible interpretation of the behavior observed in
Fig. 3 is that the surface shear viscosity is smaller in the case of
small bubbles. This could arise because of a possible dependence
of the viscosity on shear rate. Indeed, the shear rate increases when
the bubble size decrease, because the size of the Plateau border
decreases while the drainage velocity does not change appreciably,
ranging from 0.5 mm/s for the smallest bubbles (R = 125 lm) to
1 mm/s for the largest ones (R = 500 lm) in the experiments
performed. With typical liquid volume fractions / of 4%, the radius
rPB of the Plateau borders can be estimated using rPB  R
p
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Fig. 2. Front velocity versus ﬂow rate. The sample is a foam made with the SDS–
dodecanol–salt solution with bubble diameter 800 lm.
Table 1
Values of the drainage exponent a for the different foams studied.
Bubble diameter
(lm)
SDS SDS–dodecanol SDS–salt SDS–dodecanol–
salt
250 0.37 0.47
300 0.34 0.38 0.47 0.49
800 0.49 0.58 0.46 0.47
0,3
0,35
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0,45
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0,55
0,6
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Fig. 3. Drainage exponent for foaming solutions made with SDS and SDS + dodec-
anol. Full circles: data taken from Ref. [4], empty circles: data from the present
study. The lines are guides to the eyes: they show that the transitions between rigid
and ﬂuid surface regimes are rather smooth.
S. Gauchet et al. / Journal of Colloid and Interface Science 449 (2015) 373–376 375
Figure 30: rainage exponent as a representation of drainage regime for SDS foam. Re-
produced from [83].
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Figure 31: Images of a) a SDS foam with water = 0.15 and b) a foamulsion with oil = 0.3
in the same liquid phase. Reprinted from[86]
8. Droplets in foam elements
Besides of liquid and gas, the third phase of oil is included in many ap-
plications of aqueous foams. For instance, foams are used to fight against
fires caused by oily fuels. In the food industry [84], the high surface area
of foams enables them to enhance the food taste by encapsulating the oily
ingredients. In addition, foams absorb the oil and pollutants in the decon-
tamination process [85]. The effect of the oil on the foam stability is main
interest since the oil droplets can affect the efficiency in those applications
[86–89]. The oil can be introduced to the foam from beginning. The mixture
of the gas bubbles and oil drops dispersed in water is called foamed emulsions
or foamulsions [29, 86]. A sample of foamulsion is shown in Fig. 31.b beside
a pure aqueous foam shown in Fig. 31.a.[86].The emulsion drops are located
in the spaces between the bubbles and can affect the properties of the foam
significantly. However, adding oil drops to a foam is a well-known method
to suppress the foam and destabilize it [17]. Oil drops could act either as
fast or slow antifoams. In fast antifoams, oil droplets enter the air-water in-
terface in the films and break them instantly. In slow antifoam, oil droplets
move from film to PBs due to capillary suction and enter the air-water inter-
face once the PB is shrunk after drainage, and consequently break the foam
with delay[90]. Nevertheless, oils can act as a foam stabilizer in certain cir-
cumstances. Whether oil droplets are antifoam or stabilizer depends on the
interfacial tensions between the three phases of gas, water, and oil. Robinson
and Woods [91] have defined two coefficients of entering, E, and spreading
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From  the  liquid  volume  in  the  foam  it  was found  that  the  first  decay  was  dominated  by gravity  drainage,
while  bubble  coalescence  played  a main  role  during  the second  decay.  The  presence  of  oil  led  to  AOS  foam
entering  the  second  decay  at  an  earlier  time.  The  oil  destabilizing  effect  was more  pronounced  for  alkanes
with  a  shorter  carbon  chain.  Foam  stability  and  liquid  volume  in  the  foam  increased  with  surfactant
concentration.  The  obtained  results  for  foam  stability  in  the  presence  of  oil  were  discussed  in  terms  of the
classical  entering/spreading  coefficient,  oil solubilization  effect  and  stability  of pseudoemulsion  film.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction
Foam has been widely used in oil and gas recovery operations
as a mobility control and profile correction agent. A brief list of
foam applications includes hydraulic fracturing [1], gas blocking
[2], acid diversion during matrix stimulation [3,4], clean-up of con-
taminated subsoil [5], and enhanced oil recovery [6–8]. Foam has
also been applied for the deliquification of natural gas and gas con-
densate wells suffering from liquid loading [9–11]. The idea of using
foam is marked by the drastic lowering of gas mobility, which
is essential to improve volumetric sweep efficiency, for instance,
during gas flooding of oil reservoirs [12–15].
A major concern about the application of foam in oil reservoirs
is the stability of foam in the presence of oil. To be effective in
achieving good mobility control, it is crucial that foam remains
stable when it comes in contact with oil [16–19]. The available
experimental data both in bulk and porous media present varied
results in terms of foam–oil interaction. Some studies report that
the generated foam is destabilized by the oil phase [20–23]. It was
suggested that foam stability depends on the composition of the
oil phase so that the presence of light components is detrimen-
tal to foam stability [24,25]. Aveyard et al. [26] reported that low
molecular weight oil dispersed in the surfactant solution reduces
the longevity of foam films. Nevertheless, other studies argued
that stable foams can be effectively generated in the presence of
oil by selecting appropriate foaming agents. Mannhardt et al. [18]
observed that the addition of fluorinated surfactant to different
types of hydrocarbon surfactants increases foam tolerance to oil.
Nikolov et al. [27] found that foam stability is enhanced by increas-
ing the hydrophobic chain length of the hydrocarbon surfactants.
Suffridge et al. [28] reported a series of foam flow experiments
where foam was generated effectively in porous media and exhib-
ited a higher stability in the presence of oil with a higher molecular
weight. This observation has been supported by performing foam
column experiments [29–31]. In this chapter, we present a sys-
tematic bulk foam study where the effects of the surfactant and
oil type have been examined separately on foamability and foam
stability.
The underlying foam stability mechanism in the presence of oil
has been mainly discussed in terms of aqueous film thinning due
to entry of oil drop [22], oil spreading on the gas–water interface
[32], occurrence of an unstable bridge across the foam film [33], and
stability of pseudoemulsion film [27,34], which is a thin aqueous
film separating the approaching oil drop and gas–water interface.
In order to describe foam stability in the presence of oil we use
entering (E), spreading (S) and bridging (B) coefficients. They are
defined as follows:
E = !gw + !ow − !og (1)
S = !gw − !ow − !og (2)
B = !2gw + !2ow − !2og (3)
where !gw is surface tension between gas and water, !ow is inter-
facial tension between oil and water, and !og is surface tension
between oil and gas. The ability of oil drop to enter the gas–water
interface is a necessary condition to rupture foam lamellae [35]. If
the entry condition is favorable (i.e., E is positive) and oil drop is able
to exhibit a spreading behavior (i.e., S is positive), the gas–water
interface is expected to expand. This expansion results in a thin-
ning of the foam film and eventually the film ruptures [36]. If there
is no spreading (i.e., S is negative) and instead oil drop forms a lens
at the gas–water interface, foam film may  rupture once oil drop
enters both surfaces of the lamella [33]. Under this condition oil
drop spans the film by making an unstable bridge (i.e., B is posi-
tive). Table 1 gives a summary of the foam stability prediction by
the signs of the E, S and B coefficients.
Note that the above coefficients only determine whether the
occurrence of oil entering and spreading is thermodynamically
feasible for a specific oil-surfactant system. These coefficients can-
not describe the rate at which oil entering and spreading occurs.
It is possible that the entering coefficient is positive, but the
foam remains rather stable due to the slow rate of oil entering
in the interface [37]. According to Koczo et al. [34] the rate of
oil entering depends on the thinning rate of the pseudoemulsion
film. They observed a non-entering oil behavior for the system of
surfactant–oil used, although both of the entering and spreading
coefficients were positive. As the pseudoemulsion film is stable,
oil droplets are unable to enter the lamella surface, and thus foam
remains stable with oil. However, if the pseudoemulsion film is
ruptured, oil droplets enter the gas–water interface, and foam may
breakdown by spreading or bridging processes [26,27].
The relation between oil-tolerant foam and stable pseudoemul-
sion film was  also reported for foam flow in porous media. Nikolov
et al. [27] reported that oil droplets are unable to enter gas–water
interface provided that a stable pseudoemulsion film is present.
Raterman [38] found that foam destabilization by oil in porous
media is primarily dictated by the stability of pseudoemulsion
film. The film stability was found to be strongly dependent on the
oil–surfactant combination. Manlowe and Radke [39], by doing a
series of visual studies in micro-model, found that rupture of foam
lamellae is induced by the collapse of the pseudoemulsion films.
Schramm and Novosad [21,40] proposed another mechanism
for foam stability in terms of oil emulsification and imbibition in
the foam structure. The main step of this mechanism is to form
small oil droplets by emulsification, which allows oil droplets to
move inside the foam structure. A dimensionless parameter, called
lamella number (L), was proposed to describe foam stability. It was
defined as a ratio of capillary pressure at Plateau borders to the
pressure difference across the oil–water interface:
L = "Pc
"PR
= ro
rp
!gw
!ow
(4)
Table 1
Foam stability prediction by the sign of the E, S and B coefficients.
S E
− +
B
− +
− Stable foam Stable foam Unstable foam
+  Stable foam Unstable foam Unstable foam
Figure 32: Foam stability prediction by the sign of the E, S and B coefficients. Reproduced
from [89]
S. Later, Simjoo et al.[89] presented another coefficient of bridging, B.
E = −σgw+σow−σog S = −σgw−σow−σog B = −σ2gw+−σ2ow−σ2og (17)
where σgw, σow, and σog are the gas-water, oil-water, and oil-gas interfacial
tensions. In Fig. 32, the foam stability can be predicted by the signs of the
E, S and B coefficients. Positive E is necessary for rupture of foam film.
With a positive E, if S is positive, the oil droplet will spread and break
the film by thinning it[92]. If E positive, but S is negative, the oil drop
makes a lense and will rupture the film once reaching both sides of the film
by making a bridge (B is positive) [93]. Note that the above coefficients
predict the occurrence of oil entering and spreading only thermodynamically
not kinematically. Hence, those coefficients describe feasibility, not the rate
of oil entering and spreading [89]. Other studies [94, 95] introduced a number
for predicting the foam stability in the presence of an oil droplet. They[94, 95]
proposed a dimensionless parameter of lamella number, L, which is a ratio
of capillary pressure at PBs to the pressure difference across the oil-water
interface:
L = ∆pc
∆PR
= ro
rp
σgw
σow
(18)
where ro is the radius of the oil drop, and rp is the radius of the PB. Consid-
ering the constant ratio of ro/rp ≈ 0.15, they [94, 95] defined three types of
foam depending on the value L: type A foam for L < 1, type B foam for 1 <
L < 7, and type C foam for L > 7. A summary of foam stability by lammella
number approach is shown in Fig. 33. Further research [89, 96] shows that
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Table 2
Foam stability prediction by the lamella number theory.
Type of foam Foam stability to oil E S
A Quite stable foam Negative Negative
B  Moderately stable foam Positive Negative
C  Quite unstable foam Positive Positive
where ro is the radius of oil drop, and rp is the radius of the Plateau
border. Schramm and Novosad [21,40] found that the radius ratio
was constant (ro/rp = 0.15 ± 0.01) for all foams investigated. They
defined three types of foam depending on the value of the lamella
number (L): type A foam for L < 1, type B foam for 1 < L < 7, and type
C foam for L > 7. Table 2 presents a summary of the foam stability
prediction by the lamella number theory.
The objective of this study is to gain better insight into the
foam–oil interaction. First, foamability and foam stability in the
absence and presence of alkane-type oils are investigated for a
selected set of commercial surfactants used in the petroleum indus-
try. Then the effects of surfactant concentration (0.1, 0.5 and
1.0 wt%) and oil type (n-C6, n-C10, and n-C16) on the foam longevity
are examined by performing well-controlled foam column experi-
ments. This chapter proceeds with materials and methods. Next,
the results of foam column experiments are presented. Then
foam–oil interaction is discussed in terms of classical enter-
ing/spreading coefficient, oil solubilization effect and stability of
pseudoemulsion film. Then the main conclusions of this study are
drawn.
2. Experimental description
2.1. Materials and methods
A total of four commercial surfactants were used to do the
experiments: C14-16 AOS (C14-16 alpha olefin sulfonate, Stepan),
Petrostep SB (cocoamido propyl hydroxysultaine, Stepan), Dowfax
8390 (alkyldiphenyloxide disulfonate, DOW), and Enordet (C12-15
alcohol-7EO-sulfonate, Shell). They will be referred as AOS, SB,
Dow, and Enordet. All surfactants were used as received with-
out further treatment. The surfactant solution was  prepared using
brine containing 0.5 M sodium chloride (NaCl, Merck) in de-ionized
water (pH = 6.8 ± 0.1). The surfactant concentrations are based on
the active content and were well above the critical micelle concen-
tration. Nitrogen gas with a purity of 99.98% was used to generate
foam. Three model oils were used to investigate the effect of oil
on foam stability: normal hexane (n-C6, Sigma–Aldrich), normal
decane (n-C10, Sigma–Aldrich), and normal hexadecane (n-C16,
Sigma–Aldrich). For some of the experiments 50 ppm of red dye (oil
red O, Sigma–Aldrich) was added to the oil phase to visualize the
oil droplets in the foam column. Preliminary tests, including sur-
face tension measurement and foam column, were done to ensure
no influence of the dye on the foaming behavior.
2.2. Experimental set-up
The foaming properties of the surfactant solutions were studied
by using two set-ups providing visual observation and measure-
ment of foam volume. The first set-up (Fig. 1) consisted of a
conventional glass column with a length of 55.0 cm and inner diam-
eter of 4.0 cm,  fitted with a porous glass frit (Robu) placed at the
base of the column. Foam was generated by sparging nitrogen at
a flow rate of 20 ± 1 cm3/min through the surfactant solution via
the porous glass frit. To ensure gas supply at a constant flow rate,
a pressure regulator (KHP Series, Swagelok) connected to the base
of the column was used in combination with a mass flow meter
Fig. 1. Schematic of the foam column set-up used for surfactant screening study.
Foam was generated by sparging gas through the surfactant solution via the porous
glass frit.
(Sierra). Foam stability was investigated by recording the height of
foam above the liquid phase as a function of time.
The second set-up (Fig. 2) was  the Foamscan instrument (IT Con-
cept, France). It was  used to characterize the foaming properties of
the selected surfactant obtained from the screening study. Foam
was  generated by sparging nitrogen gas through a porous glass frit
in a fixed amount of surfactant solution (50 ± 1 cm3) and at a fixed
gas flow rate of 16 ± 1 cm3/min. The gas flow stopped automati-
cally when foam volume reached a preset value of 150 cm3. Foam
volume during generation and decay stages was  determined by a
CCD camera. The amount of liquid volume in the foam was mea-
sured by conductivity measurements at the different heights of the
foam column. A pair of electrodes at the bottom of the column was
used to measure the amount of liquid, which was  not present in the
foam.
We measured the following parameters in the Foamscan set-up:
foam volume generated during gas sparging (foamability), decay of
foam volume after gas sparging (foam stability) and also the amount
of liquid volume in the foam structure. The foamability of the sur-
factant solutions was  described by the foam capacity (FC) and foam
maximum density (MD) coefficients. The FC coefficient is the ratio
of foam volume at the end of gas sparging to the total gas volume
injected. When the generated foam is stable, the FC coefficient is
higher than unity. When the generated foam is not stable during the
foaming process, the FC coefficient is less than unity, meaning that
part of the injected gas has not been retained in the foam column.
The MD  coefficient was  used to characterize the liquid retention in
the generated foam and defined as a ratio of the liquid volume in
the foam to the final foam volume.
For the foam column experiments in the presence of oil, 5.0 vol%
of oil was added to the surfactant solution before gas sparging. The
amount of oil was calculated as a volume fraction of the surfac-
tant solution. All foam tests were performed at least twice with
a reproducibility of ±10% at ambient temperature (21 ± 1 ◦C) and
atmospheric pressure.
The surface and interfacial tensions were measured by a KSV
Sigma tensiometer using the DuNouy ring method. The gas above
oil and water was air. To measure the interfacial tension (IFT) the
oil phase and surfactant solutions were not pre-equilibrated with
each other. The measurements were conducted for a sufficiently
long time to obtain a constant value. All measurements were also
performed at ambient temperature (21 ± 1 ◦C) and atmospheric
pressure.
Figure 33: Foam stability prediction by the lamella number theory. Reprinted from [89]
Figure 34: Schematic of the oil drop at the air/water interface including the stable pseu-
doemulsion film.
the foam stability containing oil droplets is directly related to the stability
of the film formed between the air-water interface and an oil drop. This film
is called pseudoemulsion film and its schematic shown in Fig. 34.
There are studies that show stable foams in the presence of oil can be
produced by selecting suitable foaming materials [97]. Mannhardt et al.
[98] found that adding certain fluorinated surfactants to hydrocarbon sur-
fact nts increases foam’s stability in the presence of oil. Nikolov et al. [99]
also reported that foam stability in the presence of oil droplets is improved
by increasing the hydrophobic chain length of the hydrocarbon surfactants.
Koczo et al. [29] investigated the mechanism of foam stability in the pres-
ence of emulsions for the stable pseudoemulsion film. Their microscopic
observation[29], shown in Fig. 35, verifies that the pseudoemulsion films
are stable and the oil droplets are unable to enter the air-water intersur-
face. They[29] als found that these emulsions accumulate within the PBs,
increase th hydrodynamic resistance, inhibit foam drainage, and stabilize
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Figure 35: Image of a foam containing emulsions that have drained from the films into the
PBs. Reprinted from[29]
foam. The effect of oil volume fraction and oil droplet size on foam stabil-
ity were examined and shown in Fig. 36. They[29] found that the increase
of oil volume fraction increases the stability due to the accelerated oil ac-
cumulation. In addition, the foam stability increases with increasing drop
sizes due to the increase in the buoyancy and the frictional forces. Those
forces also escalate the oil accumulation. Note that this trend is the case for
the oil drop sizes between 2-20 µm, while for the smaller drop sizes below
2µm, the stability decreases with increasing drop size. This is due to the
decreased mean distance of separation between the drops and consequently,
the increased emulsion viscosity. The higher density of the oil droplet results
in less buoyancy force (as an oil accumulation driving force) and less stabil-
ity of foam.[29] Following on from evidence that the oil droplets can enhance
the stability of foam, further microscale research into oil droplet effects in
PBs was carried out by Neethling et al.[100]. They[100] simulated the defor-
mation of oil droplets and PB geometries for different oil sizes and different
interfacial tension ratios with Surface Evolver software. The meshing and
a typical result are shown in Fig. 37. The shapes of the oil droplets in the PB
and PB itself are controlled by two dimensionless numbers [100]. The first
dimensionless number, Kγ = γOWγAW , is the ratio of oil-water interfacial tension,
γOW , to the air-water interfacial tension, γAW . Mostly, oil-water interfacial
tensions are less than air-water interfacial tensions, typically around 0.1-0.2
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solution slightly decreased with increasing oil 
volume fraction (Fig. I I ). The explanation 
for this requires further studies, but the foam 
stabilizing effect of the emulsified oil seems to 
be unaffected by the decreased foaminess. 
Effect of Oil Drop Size on Foam Stability 
It was possible to study the effect of smaller 
drops ( <2 um) for the NaDBS/decane system 
due to the low interfacial tension (Table I). 
Figure 13 shows the effect of drop size on the 
foam lifetime for two oil volume fractions (33 
and 9.1%). The foam stability goes through a 
minimum and sharply increases with decreas- 
ing drop diameter on the left hand side of the 
graph. Similar drop size dependence with a 
minimum was measured by Huang (21) and 
by Prins (10). But in their studies, as was 
mentioned in the introduction, the increase of 
oil volume fraction decreased the foam sta- 
bility; i.e., the pseudoemulsion film was prob- 
ably not stable. 
The increase of stability with drop size-- 
the right hand side of the curves--can be ex- 
plained by the mechanism of oil accumulation 
mentioned above. The smaller drops accu- 
mulate in the PBs to a lesser extent (see Fig. 
10) because a lower buoyancy force acts on 
5 0 0 - .  1 
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2 18o- 
, 
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FIG. 13. Foam lifetime as a function of the Sauter mean 
drop diameter for two initial emulsified decane volume 
fractions (33 and 9.1 vol%) for foams from 4 wt% NaDBS. 
them (see [ 11 ]) and because, as stated earlier, 
they have less resistance to movement within 
the PBs. As a result of this, they are less likely 
to get trapped within the shrinking PBs. This 
explains why increased stability with increas- 
ing volume fraction is not as pronounced if 
the drops are smaller (see Fig. 12). 
Obviously, however, the left hand side of 
the curves in Fig. 13 cannot be explained by 
the same mechanism, and the minimum we 
observe implies that there is a second com- 
peting effect. As the drop size decreases, the 
accumulation of oil decreases (see Fig. 10) and 
the oil drops flow along with the aqueous 
phase. However, in this case the viscosity of 
the emulsion itself plays an important role. 
Moreover, we observed that the liquid drain- 
age from a very fine emulsion is much slower 
than from a middle-sized one. This results in 
increased foam stability in the presence of a 
very fine emulsion. 
Theoretically, it is possible that the smaller 
drops stabilize the foam because they get 
trapped in the thinning foam films. However, 
this effect can be ruled out in our case, because 
the diameters of the drops in the finest emul- 
sion investigated were in the 200-600-nm 
range, which is much larger than the typical 
foam film thickness. Moreover, we also in- 
vestigated the drainage of single foam films 
under the microscope and observed that the 
small oil drops flow out of the thinning film. 
Therefore, the stabilizing mechanism in the 
small drop size region can be attributed to the 
strongly increased viscosity of the draining 
liquid in the PBs. 
From the literature, it is well known that 
the viscosity of emulsions increases with de- 
creasing drop size and increasing phase ratio. 
Sherman (29) unified the two effects by cal- 
culating the mean distance of separation be- 
tween the oil droplets, 
aM = - 1 q~max = 0.74, [ 12] 
where d is the drop diameter and ~b is the oil 
phase ratio. (Princen and Kiss (30) described 
Journal O/Colloid and Interlace Science. Vol. 150, No. 2, May 1992 
Figure 36: Foam lifetime as a function f the droplet size for tw oil volum fractions of
33% and 9.1%. Reprinted from [29].
Figure 37: Typical simulation meshing and results for an oil droplet in a PB. Reproduced
from [100].
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[101–103]. The second dimensionless number, r∗ = rOrPB , is the ratio of the
oil droplet radius to PB’s curvature radius. Below a critical value of this
ratio, r∗crit = 2√3 − 1, the oil droplet can fit and move inside the PB with-
out deforming it since the droplets are not touching the air-water interfaces.
However, for larger sizes of oil droplets, distortion of both the droplet and PB
occurs. The shape and degree of this distortion depends on the amount of
required energy for distortion or the interfacial tension ratio. Fig. 38 shows
the droplet shapes for different interfacial tension ratios and size ratios. For
lower interfacial tension ratios, the energy required for deforming the droplet
is less than the energy required to deform the PB. Then, the droplet would
be deformed easier than PB, and in the process of oil accumulation, the
droplet’s length would be increased more quickly than its width. At higher
interfacial tension ratio, the droplet width and length grow similarly, result-
ing in a constant aspect ratio of the droplet and higher distortion in the PB
during oil accumulation. Another simulation feature of Neethling et al.[100]
is the formation od pseudo-PBs. When the PB encounters oil droplet, it
branches into three smaller channels, each with two air-water interfaces and
one oil-water interface.These smaller channels, which can be seen in Fig. 39
are called pseudo-PBs. The effect of oil droplet size and interfacial tension
ratio on the cross-section area of the pseudo-PBs are shown in Fig. 40. Ini-
tially, the cross-sectional area of the pseudo-PBs drops by an increase in
the oil droplet size since the oil droplet occupies the PB. However, after a
certain increase in droplet size, the area of pseudo-PB begins to increase
since the droplet distorts the PB. Distortion of the PB by the droplet size
increases the amount of water in the oil-loaded PB compared to an oil-free
PB. This is more pronounced for the higher surface tension ratios, while for
lower interfacial tension ratios, the area of the pseudo-PBs changes little by
increasing the droplet size[100]. Moreover, Neethling et al.[100] estimated
the ratio of drainage rate of oil droplet containing PB to that of the oil-free
PB. The typical condition of Kγ=0.2 was held for their analysis. Fig. 41
shows that ratio for different oil volume fractions and droplet sizes. It shows
that the oil droplets can result in a significant drop in the drainage rate of
the PB by curbing the flow around the oil droplets. Note that for larger sizes
of droplets, the foam drainage is more restricted resulting in the increased
stability of the foam. Neethling et al. [100] recommended investigating the
modeling of the droplet in the node element of foam or modeling the multiple
oil droplets in the foam networks. Mostly, in the experiments related to the
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Figure 38: a) Axial view and b) cross-sectional view of simulations results for four interfa-
cial tension ratios of Kγ =1.0, 0.5, 0.2, and 0.1 from the top to bottom and four size ratios
of r∗ =0.2, 0.4, 0.7, and 1.0 from left to right in each row. Reproduced from [100].
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Figure 39: Cross section of the oil droplet and pseudo-PBs for the r∗ = 0.7 and four surface
tension ratios of 0.1, 0.2, 0.5, and 1.0 from left to right. Reproduced from [100].
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the Plateau border divides into the three pseudo-Plateau borders.
ApPB is the cross-sectional area of the pseudo-Plateau border.
The pressure drop along a Plateau border containing oil
droplets will be the sum of pressure drop across the droplets
and the pressure drop along the empty Plateau border sections. If
n is the number of oil droplets per Plateau border length L, CPB is
the drag coeﬃcient and APB is the cross-sectional area for the
empty Plateau border sections:
ΔPtop
L
≈ nlpPBCpPBμ
Q
3ApPB2
þ ð1! nlOÞCpBμ QAPB2 ð13Þ
What is important for this discussion is howmuch the oil drops in
the Plateau borders decrease the ﬂow by relative to ﬂow rate in an
empty Plateau border for a given pressure drop, Qrel. In non-
dimensional terms, where n* is the number of oil droplets per
nondimensional length and the two areas are nondimensiona-
lized by the square of the Plateau border radius of curvature, the
relative ﬂow for a given pressure drop is as follows:
Qrel ≈
1
n%l%pPB
CpPB
3CPB
A%PB
A%pPB
 !2
þ ð1! n%l%OÞ
ð14Þ
The nondimensional Plateau border area is a constant (APB* =
√
3
! π/2 ≈ 0.161). The nondimensional pseudo-Plateau border
area depends on both the nondimensional size of the oil droplet
as well as the interfacial tension ratio. As the pseudo-Plateau
border area varies along the length of the droplet, an appropriate
average is required. Since the pressure drop is additive along the
length of the pseudo-Plateau border, the appropriate represen-
tative average for the pressure drop is as follows (see Appendix
A.3 for the derivation of this equation):
A^
%
pPB ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
l%pPBZ l%pPB
0
A
%
pPB
!2dl%
vuuuut ð15Þ
The negative power 2 in the integral means that the appropriate
average area for calculating the pressure drop is likely to be much
closer to the minimum area than the average area. In Figure 12,
the nondimensional cross-sectional area at the midpoint of the
droplet (i.e., the minimum area) is plotted as a function of the
nondimensional droplet radius, r*, for diﬀerent interfacial tension
ratios.
For all the interfacial tension ratios, the cross-sectional area of
the pseudo-Plateau borders initially decreases in area as the oil
droplet increases in size. This is because the oil droplet starts to
occupy more of the Plateau border cross-section. Above a certain
droplet size, the area begins to increase. This is due to the droplet
distorting the Plateau border and is why this eﬀect is more
pronounced at higher interfacial tension ratios. At lower inter-
facial tension ratios, the area of the pseudo-Plateau borders
asymptotes toward a constant value, while, over the range of
droplet sizes studied, the cross-sectional area keeps increasing at
the higher interfacial tension ratios (see also Figure 11). Assum-
ing that the drag coeﬃcients for the Plateau border and the
pseudo-Plateau borders are similar, the oil droplets will cause a
larger pressure drop/lower drainage rate than an equivalent
empty Plateau border if ApPB* <
√
3APB* ≈ 0.279. This means
that, for all the interfacial tension ratios and droplet sizes
examined in this work, the pressure drop over the droplet is
higher than that over an equivalent length of empty Plateau
border.
The other factor that inﬂuences the pressure drop is the length
of the pseudo-Plateau borders. This length will be similar to the
length of the oil droplet. Figure 13 shows this length as a function
of the droplet size for a range of tension ratios. If this length is
used, it underestimates the pressure drop, but as using the
minimum cross-sectional area slightly overestimates the pressure
drop over the droplet, these two errors will counteract one
another to an extent. The trends for the length of the droplet are
similar to those for the aspect ratio (see section of oil droplet
shape).
Oil Volume Fraction in Plateau Borders. In order to
calculate the effect of the oil in the Plateau borders on drainage,
the number of droplets per length of Plateau border is required.
This is typically less readily measured than the volume fraction of
oil in the Plateau borders, ϕO, since the Plateau borders in a foam
will contain the majority of the liquid and thus the average
volume fraction of oil in the Plateau borders will be similar to the
average volume fraction of oil in the foam.
To relate the volume fraction of oil in the Plateau borders to
the number of oil droplets, the net volume of liquid displaced by
the oil droplet relative to a Plateau border with no oil droplet in it
needs to be known, ΔV. By dividing this volume change by the
cube of the Plateau border radius of curvature, the nondimen-
sional net displaced volume,ΔV*, can be plotted as a function of
droplet size and interfacial tension ratio (see Figure 14). For
droplets smaller than the critical size at which they can touch all
Figure 12. Nondimensional cross-sectional area of the pseudo-Plateau
borders at the midpoint of the oil droplets as a function of the
nondimensional droplet size for diﬀerent interfacial tension ratios.
Figure 11. Cross section through the oil droplet and pseudo-Plateau
borders at midpoint of the droplets for a relative droplet size of 0.7 and
four surface tension ratios (from left to right 0.1, 0.2, 0.5, and 1.0).
Figure 40: Scaled cross-section area of the pseudo-PBs at the midpoint of the oil droplets
versus the scaled droplet size for various interfacial tension ratios. Reprinted from[100]
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three walls of the Plateau borders, the net volume displaced by
droplet is simply the volume of the droplet (dotted line in
Figure 14b). For droplets larger than this critical size, the net
amount displaced is a balance between the amount of water
displaced by the oil and the increase in the overall size of the
Plateau border caused by the oil droplet. It must once again be
emphasized that this is an increase in size for a ﬁxed capillary
pressure/Plateau border curvature.
For all the tension ratios, there is an initial increase in the net
volume displaced as the oil droplet gets larger. At larger sizes
there is a very big change in the net volume of water associated
with an oil droplet for diﬀerent interfacial tension ratios. At low
tension ratios, there is little distortion of the Plateau border and
thus virtually all of the increase in the oil droplet volume is at the
expense of liquid volume in the Plateau borders and thus the net
liquid displaced keeps increasing. On the other hand, at higher
interfacial tension ratios, there is distortion of the Plateau border
as the droplet increases in size and this increase becomes bigger
than the volume of the droplet and so the net change in volume
actually becomes negative, indicating that the presence of an oil
droplet actually causes a local increase in the amount of water in
the system relative to that in a Plateau border without an oil
droplet.
If it assumed that the spacing between droplets is large enough
that they do not interact, then the relationship in Figure 14 can be
used to calculate the relationship between the oil volume fraction
and the number of oil droplets per length (a detailed derivation of
this equation can be found in Appendix A.4):
n% , l%O!1 : ϕO ¼
4
3
πr%3n%
A%PB þ n%
4
3
πr%3 !ΔV%
" # ð16Þ
Rearranged in terms of n*:
n% ¼ ϕOA
%
PB
4
3
πr%3ð1! ϕOÞ þ ΔV%ϕO
ð17Þ
TheEffectofOilDropletsonDrainage forTypicalConditions.
The typical interfacial tension ratios for oil!water systems are
around 0.1!0.2. For this final analysis, a value of 0.2 is used. In
Figure 15, the relative drainage rate for different droplet sizes is
plotted as a function of oil volume fraction. This relationship is
calculated using the data from Figures 12!14 in combination
with eqs 14 and 17. In this calculation, it will also be assumed that
the drag coefficient in the pseudo-Plateau borders is the same as
that in the actual Plateau border. The ratio of the drag coefficients
will be influenced by differences in the interfacial mobility of the
oil!water interface relative to that of the air!water interface,
with oil!water interfaces that are less mobile than the air!water
interfaces resulting in a bigger influence of the oil droplets on
drainage and vice versa.
Figure 15 shows that the oil droplets can cause a substantial
decrease in the drainage rate of the Plateau border by restricting
the ﬂow around the droplets. Even though the pressure drop
Figure 14. (a) Nondimensional net volume change associated with a
single oil droplet as a function of nondimensional droplet diameter for a
range of interfacial tensions. (b) Same relationship for smaller droplets.
Figure 13. Nondimensional length of the oil droplet as a function of the
nondimensional droplet size for diﬀerent interfacial tension ratios.
Figure 15. Estimate of the drainage rate of a Plateau border containing
oil droplets relative to an empty Plateau border versus oil volume
fraction for a number of diﬀerent droplet sizes (Kγ = 0.2).
Figure 41: Ratio of the drainage rate of an oil droplet containing PB to oil-free PB versus
oil volume fraction for a number of different droplet sizes of r∗. Kγ=0.2. Reprinted from
[100].
oil droplets in foam, oil is emulsified in a surfactant by stirring and then air
would be sparged in it. A sample of emulsified oil in the foam network is
shown in Fig. 42. Following simulation of Neethling et al. [100], Piroird
and Lorenceau [104] investigated the absorption f an oil droplet in a single
PB experimentally. The [104] first made a single PB and injected the oil
droplet into the PB via syringe. They observed that the oil is transferred
inside the PB in less than a second and gradually stretched into a slimy slug
over 84 seconds. The elements of this experiment and observations are shown
in Fig. 43. They [104] conducted two types of experiment: (1) a constant
oil volume experiment, Ω, in which a definite volume of oil is injected in PB,
and, (2) a constant oil flow rate, Q , in which a constant flow rate is con-
tinuously injected into PB. They measured oil slug length, l, as a function
of time f r both experiment ty es and for vari s oil sizes and volume flow
rates. For the constant oil volume experiment, Ω, initially, for a short time
during oil entrance, l ∝ t2/3. Later, after oil entering, during oil deformation,
l ∝ t1/3. For the constant oil flow rate experiment, during the experiment,
l ∝ t2/3. The results are shown in Fig. 44. In another study, Piroird et al.
[105] conducted an experiment to inject various volumes of oil into the foam
node. They carried out the T1 processes, during which the foam topology
is modified. The schematic of T1 process steps are shown in Fig. 45.a to
45.c. They observed different configurations of imbibition and confinement
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Fig. 7. Distribution of n-hexadecane (red parts) inside AOS foam structure. (For
interpretation of the references to color in this figure legend, the reader is referred
to  the web  version of this article.)
stability in the presence of oil, and not about the foamability of
the surfactants. All of the coefficients depend on the interfacial
and surface tension, and thus care should be taken for the accu-
rate measurement of these quantities. As shown in Table 3, all
the surfactants exhibit a positive E coefficient, indicating favor-
able conditions for n-hexadecane to enter the gas–water interface.
Thus the foam stability depends on the magnitude and sign of
the spreading S and bridging B coefficients. Among the surfactants
used, Dow provides the largest positive S and B coefficients. This
indicates that Dow foam should be unstable in the presence of
n-hexadecane, in very good agreement with the observed decay
behavior in Figs. 3 and 6.
Among the surfactants used, Enordet exhibits a negative value
for both of the S and B coefficients. Thus from the theory it follows
that oil spreading does not occur along the gas–water interface and
Enordet foam films are expected to be stable. However, the theory
prediction is not in line with the observed results of the foam col-
umn, which shows that stability of Enordet foam is significantly
reduced due to the presence of n-hexadecane (see the correspond-
ing t1/2 in Fig. 3). For SB and AOS both of the S and B coefficients are
positive. The S coefficient of theses surfactants is slightly positive,
but the magnitude of the B coefficient for SB is more than twice that
for AOS. Thus it can be inferred that AOS foam is more stable than
SB foam, in a good agreement with the measured t1/2 in Fig. 3.
Foam stability can be examined further by comparing the value
of lamella number. Dow and SB surfactants exhibit a lamella num-
ber less than unity, which corresponds to type A foam. According
to Table 2, type A foam is a very stable foam in the presence of
oil with a negative E coefficient. However, this is not in line with
the calculated E and S coefficients in Table 3, and also not with
the observed foam stability in Fig. 3, particularly for Dow, which
was rather sensitive to the oil phase. For Enordet and AOS surfac-
tants lamella number predicts type B foam, which is characterized
Table 3
Entering, spreading, and bridging coefficients and lamella number for different sur-
factants in the presence of n-hexadecane. Surfactant concentration was  fixed at
0.5  wt%.
Surfactant E (mN/m) S (mN/m) B (mN/m)2 L (–)
Dow 24.7 2.5 1026.3 0.5
Enordet 0.2 −1.0 −20.6 6.5
SB  11.0 0.2 356.2 0.9
AOS  3.2 0.2 98.7 2.9
by a moderate stability to oil and with a positive E and negative S
coefficients. For Enordet, this prediction is consistent with the cal-
culated E and S coefficients. However it is not in agreement with the
observed low foam stability (see Fig. 3). For AOS, however, if one
would discount a negative S coefficient in the definition of type B
foam with a slightly positive value (SAOS = 0.2), AOS foam stability
can be correlated with the predicted lamella number.
3.2. AOS foam stability
In accordance with the surfactant screening study AOS  foam
exhibited the largest oil-tolerance. Thus in the following section we
will focus on this surfactant, and investigate its foaming behavior
in detail by varying surfactant concentrations and using different
alkane-type oils. First, we will examine the AOS foaming behavior at
0.5 wt% concentration in the absence and presence of n-hexadecane
as prototypical experiments. Then the stability of AOS foam will
be addressed for different concentrations and oil types. Note that
water salinity was fixed at 0.5 M NaCl at which the AOS critical
micelle concentration was CMCAOS = 4 × 10−3 wt%.
3.2.1. Baseline foaming
3.2.1.1. Foam development and decay in the absence of oil. Fig. 8
shows the variation of foam volume as a function of time for 0.5 wt%
AOS in the absence of oil. During gas sparging AOS foam grows lin-
early with time, indicating a stable build-up of foam volume. This
is inferred from a straight line in the foam volume profile as shown
in the inset in Fig. 8. Thus AOS foam evolution is expected not to be
influenced by the destruction processes such as gravity drainage,
coalescence, and Ostwald ripening during foaming stage [41]. After
gas sparging is finished, AOS foam enters the decay regime. Foam
decay is characterized first by a small and rapid reduction in foam
volume followed by a fairly long persistency time during which
foam volume remains fairly constant. This pseudo-plateau foam
volume is followed by a second decay regime by which foam vol-
ume  decreases continuously over a long period, and eventually
reaches a finite value of 60 ± 1 cm3 after 460 min.
To gain further insight into the dominating destruction mech-
anisms during foam development and decay, the overall liquid
volume in the foam, Vl, was  measured. The Vl profile is shown
in Fig. 9 for AOS foam in the absence of oil. The foaming part is
described by a monotonic increase in the Vl profile, confirming a
stable foam development. However, as soon as gas sparging stops,
the Vl starts decreasing. The decreasing trend is characterized by a
steep reduction in the Vl over the early time followed by a practi-
cally stabilized value for the rest of the measurement. Comparing
Fig. 8. Foam volume as a function of time for 0.5 wt% AOS foam in the absence and
presence of n-hexadecane.
Figure 42: Distribution of red-colored oil inside aqueous foam structure. Reprinted from
[89].
of injected oil depending on the ratio of injected oil volume to initial liquid
volume in the foam. Smaller injected oil droplets in the node remai ed after
several changes in the topology of foam, while larger ones propagate from
node to neighbor PBs and even neighbor nodes. This shows that large oil
droplets are able o be deformed extremely by the foam network. The differ-
ent configurations of oil in the foam network is shown in Figs. 45.d to 45.f.
9. Particles in f am elements
The drainage of air-liquid-particle foams or froths is crucial for ma y
industrial applications that i volve froth [23, 87, 106–111]. The particles in
foam and froth are categorized to attached particles and unattached particles.
The former, mainly hydrophobic particles, follow the bubbles. The latter,
including both th hydrophobic and hydrophilic particles, follows the liquid
[112]. A number of studies focus on attached particles, such as the investiga-
tion of particle capture m chanisms in foam [113], the s udy of macroparticle
retention in the foam [114], and drainage and lifetime of foam film covered
by particles [115]. Wang et al. [110] showed that the presence of even small
amounts of partially hydrophobic particles can result in the rigidity of PB’s
liquid-air interface and consequently to a transition of foam drainage from
the node-dominated regime to the PB-domi ated regime. In addition, Di-
mova et al.[116] analyzed the drag of an attached solid particle trapped in a
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Figure 43: (a) Frame that is supporting the PB. The red-colored oil is injected in the upper
film drops to the main blue-colored PB (b) PB with the curvature of rp holding an oil
droplet of length l and radius of r (c) Timely changes in the droplet geometry. Reprinted
from [104].
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Figure 44: a) Constant oil volume experiment, Ω, for different oil viscosities versus time
and b) constant oil flow rate experiment, Q, for various oil viscosities and flow rates versus
time. Reprinted from [104].
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T1 process steps
Frame1 Frame2 Frame3 Frame4 Frame5 Frame6
a) b) c)
d)
e)
f) g)
Figure 45: a) Created network of foam. b) Extending the frame to reduce the size of central
film. c) T1 process results in opening of a new film perpendicular to the initial one. Images
of oil repartition during a T1 process d) for small oil volume in the first row, first T1 occurs
from frames 3 to 4 and next T1 occurs from 5 to 6. The drop remains trapped in one single
node. (e) For intermediate oil volume, after T1 processes, the oil propagate to neighbour
PB and two neighbour nodes. (f) For large oil volume, several transitions can be seen
where the oil is transferred from node and PBs to films and then retract back to PBs. g)
Schematic of oil drop in the node while propagating to the neighbour PBs. Reproduced
from [105].
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Figure 46: Geometry of a) an attached particle trapped in a viscous film and b) a particle
floating on the air/water interface. Reproduced from [116].
compressible thin aqueous film and also the drag of a particle floating on the
air/water interface. They proposed a numerical model by taking into account
the surface viscosity and Gibbs and dilational elasticities. The geometry of
the system is shown in Fig. 46. Ignoring the coupling to the bulk flow, they
calculated the particle drag coefficient. However, most studies on the foam
drainage in presence of particles are related to unattached hydrophilic par-
ticles and also nanoparticles [106–108, 111, 113, 114, 117–121].It has been
found that the presence of nanoparticles in foam causes drainage slow-down
in the foam [119]. Moreover, their presence can change the node-dominated
regime to PB-dominated regime. For pure aqueous foams, the key factor to
determine the flow regime is the air-liquid interface mobility. However, the
mechanism is different for nanoparticle loaded foams as the nanoparticles
have little effect on the air-water interface [119, 120]. The proposed mech-
anism occurs in two steps; first, small oligomeric aggregates by successive
adhesive collisions in the node. Second, the formed aggregates form a cork
after passing through several nodes and make a traffic jam, entirely locking
the fluid flow. A schematic of the mechanism is presented in Fig. 47. For
foams loaded with larger hydrophilic particles, one of the crucial parameters
controlling the drainage is the confinement parameter, λ = dp/dc, which is
the ratio of particle diameter to the maximum diameter of allowable circle
inside the PB. The confinement parameter also affects the elasticity of the
particle-laden foams [109]. The network of foam containing hydrophilic par-
ticles is shown in Fig. 48. The other crucial factor determining the drainage
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mixture ([SiO2]= 40wt%; [TTAB]= 10 cmc). Furthermore, we
recall that in the presence of nanoparticles, no surface tension
effects were observed under static conditions (2Experimental
Section), which means that the interfaces are probably solely
composed of a surfactant monolayer. Therefore, the enhance-
ment of the interfacial viscosity suggested by the theoretical
analysis of the data obtained in forced drainage cannot be
interpreted by the direct adsorption of more or less amphiphilic
aggregates at the interface.However,webelieve that the aggregate
trapped within the film inhibits recirculation in the films and
imposes a vanishing velocity at the Plateau border walls. This
induces a modification of the flow boundary conditions and
a transition from a fluid interface to rigid ones thus promot-
ing Poiseuille flow within the Plateau borders. The presence of
aggregates in the micrometer range would contribute to enhance
the film contribution to the foam liquid fraction, notably at the
end of the free-drainage experiments (Figure 6). In this view, the
striking liquid fraction measured in the presence of particles
([SiO2] g 2 wt %) at the end of the free-drainage experiments
may correspond in a significant manner to the residual water
entrapped in the swollen films (Figure 7 of the Supporting
Information). Indeed, according to the expression proposed by
Carrier et al. for the film contribution to foam liquid fraction15b
and considering that only the smallest aggregates (few micro-
meters) can penetrate the film, 66% of the water is expected to be
in the film for a foam, such as, ε= 0.5%, LpPb = 1.45 mm, and
film thickness of 5 μm. In Scheme 2, we represent schematically
the hypothesized distribution of the different species in the three
elementary regions of the foam structure taking into account our
local observations and macroscopic measurements (drainage and
static surface tension measurements). At this point, the drainage
slow-down and the subsequent foam stabilization can be reason-
ably understood by considering both the traffic jamming process
that takes place in the bulk of the Plateau borders and the foam
film stabilization in a swollen state. Nevertheless, the origin of the
discrepancy is still unclear. Obviously, the presence of such
nanocomposites aggregates able to occupy the entire section of
the Plateau border strongly modifies the local geometry of the
channel in which the flow really takes place. This modification
strongly challenges the hypothesis relative to the foam structure
(i.e., dog-bone shaped) that is usually assumed1,9,22 for both the
liquid fraction calculation and measurement via conductivity
measurements. In this way, it is not reasonable to envisage the
quantitative analysis of the data obtained via steady-drainage
experiments because this approach is peculiarly dependent on this
hypothesis. (See the 2Experimental Section.)
Moreover, according to the proposedmechanism of traffic jam
formation (Scheme 1), one can expect the apparition of aniso-
tropic flow properties. Indeed, considering a vertical column
section, the mean aggregate size and the cork density should
increase by going down in the column. Now, if one considers a
horizontal column section, it is highly probable that the cork
formation probability varies between horizontal Plateau borders
and vertical ones. This last observation is peculiarly damaging for
liquid fraction measurements through conductivity because the
electrical field between two electrodes is horizontal and thus
mainly probes the horizontal Plateau borders. As a consequence,
methods involving the liquid fraction measurement through
conductivity (steady and free drainage) seem unsuitable for
studying the drainage of unstable colloidal dispersions. In con-
trast, the liquid fraction determination from front propagation
velocities should be more accurate for such dispersion flow
because of a lower dependence toward structural heterogeneities.
(See the 2Experimental Section.) This statement is ascertained by
the fact that in contrast with experimental data obtained through
steady or free drainage the data obtained from front propagation
velocities have been quantitatively analyzed with the classical
theory of drainage for the whole range of nanoparticle concen-
tration under scrutiny. In this view, we have thus to moderate the
pertinence of the discrepancies emerging from the comparative
analysis of the data concerning macroscopic foam drainage.
6. Conclusions
For the first time, the drainage of SiO2 nanoparticle-cationic
surfactant (TTAB) mixtures through various calibrated foams
Scheme 1. Proposed Schematic Representation of the Traffic Jamming Induced byNanoparticle-Surfactant Flocculates in the ConfineGeometry
of a Plateau Border
(a) Growing process of aggregate, for low gradient of flow speed in the Plateau border section, according to multiple adhesive collisions in the
stagnation area situated at the bottom node intersection. (b) Cork formation resulting from the collision between large aggregates that may be
progressively formed after crossing several node intersections.
a) b)
Fig re 47: (a) First step is aggregation of adhesive collisions in the stagnation area at
the node bottom. (b) Second step is cork formation after several crossing from nodes.
Reproduced from [119].
Figure 48: Hydrophilic solid particles in the foam elements. Depending on the confinement
parameter, λ, The particles can be conveyed or stucked. Reprinted from [87].
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of foam containing hydrophilic particle is the volume fraction of particles in
the foam, φp. It is reported that even for small confinement parameters, the
high volume fraction of particles decreases the drainage velocity significantly
[107]. Furthermore, there is a systematic experimental investigation to study
the effect of both the confinement factor and the particle volume fraction
together on the foam drainage [87]. The different regimes of flow in the pres-
ence of particles are divided by the two confinement parameters of λc and
λ∗. They are the confinment parameters at the end of the flowing suspen-
sion regime and the minimal foam drainage velocity, respectively. Haffner et
al. [87] reported five different regimes for low and moderate particle volume
fractions corresponding to Fig. 49:
1. Flowing suspension regime when λ ≤ λc and φp ≤ 0.16 and velocity change
is marginal.
2. Capture transition regime when λ ≤ λc ≤ λ∗ and φp ≤ 0.4 and drainage
velocity decreases drastically.
3. Maximum frictional drag regime when λ = λ∗ and drainage velocity is
minimal.
4. Particle exclusion transition regime when λ∗ < λ ≤ 10 and drainage veloc-
ity raise back to the first regime velocity.
5. Minimal frictional drag regime when λ > 10 and drainage velocity increases
less than the previous regime [87].
Nguyen et al. [110] also introduced the effective confinement parameter,
λeff as a ratio of particle diameter to the effective available diameter of
PB to pass a particle without contacting the PB walls. They showed the
λeff as a function of hydrophobicity or contact angle of particle. Shown
in Fig. 50, they discussed that mainly, the λeff decreases with an increase
in the hydrophobicity. In another study, Rouyer et al. [108] investigated
the drainage behavior of coarse particles confined in single PB. They[108]
made a numerical model of a single PB, shown in Fig. 51. They[108] solved
the Stoke equation considering the balance of the bulk viscous stress with
the surface viscous stress as a boundary condition of the liquid-air interface.
Furthermore, they[108] defined spheres in different locations of PB cross sec-
tion for various particle sizes. They show that the velocity of smaller size
particles are less than the average velocity of liquid, while larger particles
are transported at velocities larger than velocity of liquid. Following their
study[108], Rouyer et al. [117] performed experiments for the velocity of
particles in foam and a single vertical PB. They [117] showed that in the
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Figure 49: Inverse of the particle-related reduced drainage velocity, V˜= V
Vo
, versus the
confinement parameter λ for different particle volume fractions of φp. Reproduced from
[87].
b)
a)
Figure 50: Effective confinement parameter versus contact angle with bubble size of 1.28
mm (a)) and 1.56 mm (b), respectively [110].
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Figure 51: (a) Sketch and b) image of a particle in the PB’s cross-section. c) Mesh of
model to compute the vp velocity of a particle in a PB with liquid velocity of vl and surface
velocity of vc . Reproduced from [108].
vertical PB, the parameters of λ, the liquid-gas interfacial mobility, and the
particle position inside the PB control the particle’s velocity. The effect of
the aforementioned parameters on the velocity of particles are shown in Fig.
52. For mobile liquid-gas interfaces, the particle’s velocity is maximum at
the corner and minimum at the center of cross section of PB. Meanwhile, for
rigid liquid-gas interfaces, it is maximum in the center and minimum at the
corner of cross section. However, for any specific λ, there is a Bo number
by which the dependence of the particle’s velocity on their position in the
PB disappears. As it is shown in Fig. 53, this disappearance is due to the
gravity effect on the particles which settle them along the corners of PB.
Hence, it is established that generally, in most of the PB orientations, the
particles’ location would be at the corner of PBs. In another study, Rouyer
et al. [121] investigated the effect of the particles on the node and foam’s
permeability. They made a microscale CFD model of node including solid
particles in different sizes and positions inside the node. They[121] solved
the Stoke equation with the liquid-air interfacial boundary condition sim-
ilar to their previous study [108]. The sample calculation of fluid flow in
the node are shown in Fig. 54. Furthermore, they[121] measured the pres-
sure difference in the node to learn the hydraulic resistance and permeability
of node with and without the solid particle. They[121] also calculated the
numerical hydraulic resistance of particle-loaded nodes for different sizes of
particles and different liquid-air interfacial mobilities and shown in Fig. 55.
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Figure 52: Experimentally measured and scaled settling velocity of particles versus the
confinement parameter in the foams (A) with mobile interface and (B) with rigid interface
are respectively represented by open and full symbols. Reprinted from [117].
Figure 53: Positions occupied by particles in settling motion through a PB. Reprinted
from [117].
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Figure 54: Calculations of flow through particle-loaded nodes. Reproduced from [121].
The configuration is that the fluid enters the node by one inlet and exits by
three outlets, with the particle against one of the three outlets. Note that
these results are for the cases that the liquid-air interfaces are not deformed
by the solid particles. If the solid particles are larger, they would deform the
node structure by reducing the node surface area. The superpositions of the
deformed and non-deformed node structure are shown in Fig. 56. Overall,
they showed that the hydraulic resistance increases along with the size of
particles. What’s more, particle-loaded mobile interface foams compared to
the particle-loaded rigid interface foams show more resistance raise. In the
other words, particle-laden soft foams clog more efficiently compared to the
solid porous media. This is due to the deformation capability of the node
interface which allows larger particles to fit inside the node. The previously
mentioned studies [108, 121] examined the effect of particle movement inside
the foam PBs or nodes. Nonetheless, there are studies on the movement of
particles in the aqueous films. Britan et al. [118] experimentally investigated
the effect of fine hydrophilic particles such as coal fly ash on the drainage and
coarsening of aqueous foam. They [118] showed that in the presence of ash,
the rate of drainage decreases significantly while the coarsening decreases in-
significantly. The authors were not sure about the reason for these decreases.
They guessed its reason is the simple mechanism of particle clogging in the
PBs. In addition, the effect of hydrophilic particles on single vertical film is
investigated by Hudales et al. [122]. They[122] showed that the larger sizes
of particles reduce the drainage of film and enhance its stability while the
smaller sizes of particles have no effect on the film drainage but reduce the
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Figure 55: Numerical hydraulic resistances of particle-loaded nodes for different Boussinesq
number versus confinement factor. Reprinted from [121].
Figure 56: Superposition of the deformed node in red color and non-deformed node in
blue color. Reprinted from [121].
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film lifetime.
10. Highlights of the review
In this section, we have mentioned the highlights of studies in aqueous
foam in microscale in Table 2. In PB section, Lemlich et al. [30]made the
fundamental model of PB including the coupling between bulk and surface
viscosity as a boundary condition of gas-liquid interface. Koehler et al. [26],
beside of developing the model of Lemlich et al.[30], experimentally mea-
sured the velocity in PBs. Pitois et al. [37] also experimentally measured
the hydraulic resistance of PBs. In node section, Pitois et al.[52] measured
the hydraulic resistance of a single node directly. In addition, Abdolhamid et
al.[75, 76] numerically investigated the flow in the interior and exterior node.
Regarding the foam film, there are various and extensive studies. In a case
where the film thickness assumed to be constant, Koehler et al. [31] obtained
valuable numerical data for velocity of films with different film thicknesses
and interfacial mobilities. Three occurances of Marangoni flow are stuided
here. Firstly, Pitois et al. [64] studied the recirculation counterflow caused
by Marangoni flow in foam. Secondly, Vitasari et al.[71, 72] studied the
Marangoni flow that occurs in foam fractionation column. Finally, Cheval-
lier et al. [73] investigated the Marangoni flow that happens when the foam
containing photosurfactant materials are exposed to UV. In foam elements
combination section, Anazadehsayed et al. [74–76]developed numerical mod-
els including combination of interior and exterior PBs, interior and exterior
nodes, films, and Marangoni counterflow. In the section of foams made with
non-Newtonian fluids, Arjmandi-Tash et al.[80] studied the characteristics of
foams made by shear-thinning non-Newtonian fluids. In the section of oil
droplet effect on foam, Simjoo et al.[89] defined the coefficients of entering,
spreading, and bridging of oil droplets in foam. Furthermore, Neethling et
al.[100] by using surface evolver software, investigated the degree of deforma-
tion of oil droplets and PBs depending on the size of droplets and interfacial
tensions. Moreover, Piroid et al.[104] experimentally investigated the adsorp-
tion of oil droplet in a single PB. In the section of particles effect on foam,
Haffner et al.[87] defined the confinement parameter λ = dp/dc, which is the
ratio of particle diameter to the maximum diameter of allowable circle inside
the PB. They [87] also defined five different flow regimes in the presence of
particles in foam depending on λ and the particle volume fraction. Moreover,
Rouyer et al.[121] investigated the flow in particle-loaded node.
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Review Sections Highlights
Foam PB Lemlich et al. [30], Koehler et al. [26], and Pitois et al. [37]
Foam node Pitois et al.[52], Abdolhamid et al.[75, 76]
Foam film Koehler et al. [31]
Marangoni flow in foam Pitois et al. [64], Vitasari et al.[71, 72], and Chevallier et al. [73]
combination of foam elements Anazadehsayed et al.[75, 76]
foam with non-Newtonian fluids Arjmandi-Tash et al.[80]
Oil droplets in foam Simjoo et al.[89], Neethling et al.[100], and Piroid et al.[104]
particles in foam Haffner et al.[87], Rouyer et al.[121]
Table 2: Highlights of each section of the review of aqueous foam in microscale.
11. Conclusion
Aqueous foams have a complex structure including elements such as in-
terior PBs, exterior PBs, nodes and films. In this review, those elements are
studied from the microscale perspective. In the PBs, the main factor affecting
the drainage, hydraulic resistance, and even Marangoni flow is the liquid-air
interfacial mobility which is the coupling of Newtonian surface viscosity and
bulk viscosity. Considering the interfacial mobility of foam, the dimensionless
average velocities of interior and exterior Plateau borders and films can be
obtained from the developed equations and graphs. This interfacial mobility
also defines the flow regime in the macroscale. Generally, for rigid liquid-gas
interfaces, the flow is PB-dominated whereas for mobile interfaces the flow
is node-dominated. When there is a dynamic situation in foam due to a
water-injection-caused perturbation in the PBs, inertial regime and viscous
regime are observed depending on the Oh number. Node element was mostly
treated as a fitting parameter in the analytical and experimental investiga-
tions due to its complex structure. However, further studies measured the
hydraulic resistance of a single node. Another interesting finding about the
node is that it seems fluids have a memory by which they exit the node from
the same radial direction from which they entered. Therefore, a zigzag move-
ment and no radial mixing are observed in foam even after passing through
thousands of bubbles. In films, it is found that a non-zero contact angle of
film and PB joint can change the flow in the PB. Furthermore, several fluid
flows caused by the Marangoni effect are studied. The recirculation flow is
caused by the gradient in the surface surfactant concentration between upper
and lower node. The Marangoni flow in fractionation process is caused by
the surfactant gradient between surfactant-rich PB and the joint film. An-
other Marangoni flow is observed in foams made by photosurfactants. The
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UV light changes the surface tension of interface and induces the Marangoni
flow between PB and film. In the larger scale, illuminating the foam with
UV causes change in the capillary pressure of PB and a gradient in pressure
along the PBs which results in a driving force and reduced drainage rate of
illuminated region. Following an attempt to make a complete 3D model of
foam elements in microscale, combinations of the these elements are stud-
ied. For a PB-film including Marangoni flow, the effect of Marangoni flow
on the interior and exterior PB is studied. In addition, a node-PB model
is developed to analyze the flow velocity and hydraulic resistance in a foam
more accurately. The results have modified the available graphs and corre-
lations of velocity and hydraulic resistance of the assembled PBs and node
elements. The exterior node-PBs are always PB-dominated, while for the
interior node-PB systems, the flow regime switches. The variation of Bo as a
switching point versus scaled length of PB is found. Most of the foams made
by non-Newtonian polymers have a rigid liquid-gas interface which under-
mines the effect of surface viscosity significantly. Adding a non-Newtonian
surfactant to a current stabilized foam with surfactant changes the drainage
a little. Adding oil phase into the aqueous foam can stabilize or rupture the
foam depending on the surface tensions of water-oil, oil-gas, and water-gas.
Several methods are developed to predict the effect of oil droplets on the
stability of aqueous foams. In the case of a stable foam with presence of
oil droplets, the hlsurface tension and droplet size determine the shape of
the droplet, the degree of PB deformation, and the final cross-section area
of pseudo-PBs There are extensive studies on foams introduced to particles.
Nanoparticles can aggregate at the stagnation area of the nodes and form a
cork which results in the fluid flow blockage. The effect of larger particles on
PB and node is dependent on the confinement parameter, liquid-gas interfa-
cial mobility, and volume fraction of particles. Although initially it seemed
that the position of the particle is an effective parameter, further study shows
that most of the particle settle in the corner of PBs.
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Highlights
• The aqueous foam’ elements such as Plateau borders, nodes, and films
and fluid flow characteristics in each element are reviewed.
• The effect of solid particles and oil droplets on the foam elements liquid
flow and their stability are reviewed.
• The mechanism and reason of various Marangoni flows that occur in
aqueous foam are reviewed.
• The flow characteristics in the combination of foam elements are re-
viewed.
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